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ABSTRACT 


An  exact  method  is  presented  for  the  desijjn  of  band-stop  filters 
consisting  of  stubs  and  quarter- wavelength  connecting  lines.  Using 
this  method  a  low-pass  prototype  circuit  is  chosen,  and  the  transmission 
line  band-stop  filter  derived  from  the  prototype  will  have  a  response 
that  is  an  exact  mapping  of  the  prototype  response.  In  theory  the 
stop  band  can  have  any  width,  but  if  the  stop  band  is  very  narrow  the 
stub  impedances  become  unreasonable.  In  such  cases  it  is  found  to  be 
desirable  to  replace  the  stubs  by  capacitively  or  inductively  coupled 
resonators  of  reasonable  impedance.  This  introduces  an  approximation 
but  gives  very  good  results.  The  design  of  filters  having  three-quarter 
wavelength  spacings  between  resonators  is  also  discussed.  This  latter 
case  is  of  interest  for  the  design  of  waveguide  band-stop  filters  where 
it  has  been  found  to  be  desirable  to  separate  the  resonators  by  three 
quarter- wavelengths  in  order  to  avoid  interactions  between  the  fringing 
fields  at  the  coupling  irises. 

A  review  of  the  procedure  employed  in  the  establishment  of  the 
parameters  and  dimensions  of  magnetically  tunable  filters  is  given. 
Charts  and  graphs  are  presented  which  enable  a  designer  to  arrive  at 
the  dimensions  of  the  circuit  elements,  including  the  ferrimagneti r 
resonators,  in  order  to  give  a  specified  band-pass  frequency  response. 
Circuit  structures  are  presented  which  appear  or  which  have  proved  to 
be  very  promising  for  practical  applications.  Two  typical  examples  are 
given  of  the  design  of  two- resonator  band-pass  filters,  one  of  which 
employs  a  waveguide  and  the  other  a  strip-transmission- line  coupling 
circuit.  Finally,  the  performances  of  two  side-wall-coupled  strip- 
transmission-  1  ine  filters,  one  containing  two  resonators  and  tlie  other 
three,  are  discussed.  The  results  are  compared  with  a  previous  version 
of  the  two- resonator  side-wall-coupled  filter  and  with  a  previously 
developed  overlapping  line  version. 
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I  INTIU)DUCTION 


In  Quarterly  Progress  Report  3  on  this  contract,  an  approximate 
method  lor  the  design  of  band-stop  microwave  filters  was  presented. 

This  method  was  applicable  to  the  design  of  either  atrip- line  or 
waveguide  band-stop  filters  having  narrow  stop  bands  (say,  with  stop 
bands  of  10  percent  bandwidth  or  less).  In  this  report  another  design 
approach  is  developed  which  is  exact,  and  which  is  applicable  to  the 
design  of  band-stop  filters  with  either  wide  or  narrow  stop  bands. 

However,  in  the  case  of  narrow  atop  bands  the  stub  impedances  become 
impractical  and  it  becomes  necessary  to  use  reactively  coupled  stubs 
(which  introduce  an  approximation).  However,  even  with  this  approximation, 
the  accuracy  ia  better  than  that  obtained  with  the  previous  approximate 
procedure. 

Another  problem  being  studied  on  this  project,  is  meana  for  designing 
electronically  tunable  microwave  filters.  In  the  past  a  study  was  made 
of  the  feasibility  of  using  variable-capacitance  diodea  as  voltage* 
controlled  capacitors  in  filter  circuits.  In  principle  one  can  use 
capacitors  to  obtain  voltage-tunable  filters,  but  our  studies  showed 
that  presently  available  capacitors  have  too  low  a  (?  to  be  of  much  use 
for  voltage-tunable  microwave  filters,  although  they  should  be  useful 
at  lower  frequencies.  Other  methods  for  electronic  tuning  which  are 
being  investigated  are  magnetically  tunable  filters  using  garnet  resona¬ 
tors,  and  electronically  tunable  up-converters. 

Work  is  continuing  on  the  use  of  ferrimagnetic  resonance  in  yttrium- 
iron-garnet  resonators  which  provide  mesne  for  designing  filters  that 
can  be  tuned  by  varying  a  dc-biasing  magnetic  field.  This  approach 
appears  to  hold  considerable  promise  for  electronic  tuning  applications 
St  frequencies  around  2  Gc  or  above.  Using  gallium-substituted  yttrium- 
iron-garnet  resonators  which  have  a  relatively  low  saturation  magneti¬ 
sation,  practical  operation  to  frequencies  around  1  Gc  may  be  possible. 
Section  III  of  this  report  covers  our  latest  results  on  magnetically 
tunable  filters. 
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II  AN  EXACT  METHOD  FOR  SYNTIESIS 
OF  MICROWAVE  BAND -STOP  FILTERS 


A.  GENERAL 

Various  techniques  for  the  exact  synthesis  of  microwave  filters  have 
existed  for  some  time.^'^'^'*'^*  In  many  cases  these  procedures  have  involved 
the  synthesis  of  special  transfer  functions  and  then  the  determining  of 
the  filter  elements  from  the  transfer  function.  Although  these  procedures 
are  mathematically  very  elegant,  they  have  found  little  actual  application 
in  microwave  engineering  of  the  very  tedious  nature  of  the  design  proceae. 
However,  one  procedure,  described  by  Ozaki  and  Ishii,^  utilises  Kurods's 
transformation^  applied  in  a  simple  way  to  lumped-element,  low-pass 
filters  in  order  to  design  a  certain  type  of  tranamisaion-line  filter 
(which  happens  to  be  useful  as  a  practical  band-stop  filter).  In  this 
case  the  use  of  a  low-pass  prototype  along  with  Kurods's  transformation 
makes  it  possible  to  avoid  most  of  the  complexity  inherent  in  many  of 
the  exact  procedures. 

Though  the  procedure  of  Osaki  and  Ishii  mentioned  above*  waa  described 
in  mathematical  form  quite  some  time  ago,  no  investigation  of  its  prsctieal 
nature  appears  to  have  been  made.  In  this  study  the  practical  usefulness 
of  this  procedure  as  spplied  to  band-stop  filter  design  has  been  verified. 
In  addition,  tables  of  design  equations  have  been  prepared  to  make  the 
results  as  easy  as  possible  to  use.  With  the  aid  of  these  tobies  s  de¬ 
signer  can  obtain  the  filter  designs  he  requires  with  a  minimum  of  com¬ 
putational  effort,  and  without  having  to  go  into  the  theory  of  how  the 
equations  were  derived.  However,  the  theory  is  discussed  in  Part  F  of 
this  section. 

In  Part  B  of  this  section,  there  is  presented  a  table  of  transmission- 
tine  filter  formulas  for  filters  with  from  one  to  five  stubs,  which  are 
well-suited  to  band-stop  filter  design.  The  formulas  have  been  derived 
by  means  of  these  new  techniques.  Each  filter  consiats  either  of  a  tan¬ 
dem  array  of  quarter-wavelength-long  open-circuited  tranamisaion  line 


•hunt  stubs  (referred  to  stop'band  center  frequency  o)^)  connected  by 
quarter-wsvelength'long  transmission  lines,  or  its  dusl  in  which  open- 
circuited  shunt  stubs  are  replaced  by  short-circuited  series  stubs.  The 
•hunt  stub  arrangement  is  suitable  for  both  balanced  and  unbalanced 
tranamisaion-line  filters  operating  in  the  TEM  mode  while  the  series 
stub  arrangement  is  preferred  for  waveguide  filters. 

The  characteristic  impedance  of  each  tranamission-line  section  of 
the  filter  can  be  obtained  by  direct  substitution  of  the  element  values 
of  a  low-pasa  ladder  prototype  filter  into  the  formulas.  The  resulting 
band-stop  filter  response  will  have  the  same  properties  as  that  of  the 
prototype  (t.e.,  Tchebyscheff  ripples,  etc.).  An  example  of  a  three- 
reaonator  filter  design  is  worked  out  and  theoretical  and  measured 
results  are  given. 

The  method  outlined,  while  theoretically  exact,  ia  on  occasion 
limited  by  practical  conaiderations;  one  in  particular  is  the  difficulty 
of  constructing  very-high-  or  very-low-impedance  transmission  lines  such 
as  would  be  required  for  very  narrow  atop  bands,  6ne  must  also  contend 
with  severe  junction  effects  in  very-low-impedance  ahunt-connected  TEM 
lines  and  very-high-impedance  seriea-connected  waveguides.  Still  further, 
dissipation  loss  in  very-high-impedance  TEM  lines  could  cause  the  stop¬ 
band  reaponse  to  deteriorate.  A  supplemental  approximate  technique  that 
permits  the  use  of  moderate  rather  than  very-high-  or  very-low-impedance 
stub  lines  with  band-stop  filters  with  narrow  stop  bands  is  described 
and  illustrated  in  Part  C  of  this  section.  In  this  case,  the  filter 
response  necessarily  departs  somewhat  from  that  predicted  by  the  exact 
theory;  however,  the  accuracy  is  markedly  higher  than  that  obtainable 
by  the  approximate  theory  for  narrow-stop-band  filter  design  discussed 
in  Quarterly  Progress  Report  3  (see  Ref.  10).  However,  the  previously 
discussed  design  method  has  an  advantage  in  that  it  does  not  require  any 
steps  in  the  main  transmission  line,  while  the  method  of  this  section 
does.  The  introduction  of  steps  will  mean  additional  manufacturing  pro¬ 
cedures,  but  in  many  cases  the  additional  cost  would  be  small. 

There  is  no  theoretical  limitation  on  the  number  of  Ag/4  sections 
that  can  be  used  to  separate  each  stub  (or  resonator)  from  its  immediate 
neighbors,  and  in  the  case  of  waveguide  filters  it  has  been  found  to  be 
desirable  to  separate  the  resonator  irises  by  3X.g/4  in  order  to  avoid 
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undesirable  interaction  effects  because  of  the  fringing  fields  in  the 
vicinity  of  the  resonator  irises.  In  Part  0,  design  equations  are  given 
for  filters  having  3X^/4  spacings  between  resonators,  for  the  cases  of 
two  and  three  resonators. 

The  stop-band  attenuation  of  low-pass  filters  can  usually  be  in- 
proved  by  adding  an  inductor  in  series  with  one  of  the  shunt  capacitors, 
thus  aioving  a  pole  of  attenuation  frost  infinite  frequency  to  soae  finite 
frequency.  For  the  special  case  of  one  pole  at  a  finite  frequency,  the 
exact  synthesis  method  of  this  section  can  be  applied.  Design  fornulns 
for  this  case  are  given  in  Pert  E. 

In  Part  F  the  derivation  of  the  formulas  is  fully  described.  The 
designer  can  thereby  extend  the  table  of  formulas  to  greater  values  of 
n,  which  is  the  number  of  reactive  elements  in  the  prototype  filter,  and 
also  derive  formulas  for  transmission-line  filters  having  connecting 
lines  any  desired  odd  number  of  quarter  wavelengths  long. 

B.  DESIGN  FORMULAS  AND  THEIR  USE 

The  relationship  of  the  low-pass  prototype  response  to  that  of  the 
transmission  line  filter  is  illustrated  in  Fig.  II  B-1  and  Fig.  II  B-2. 
One  notes  that  the  transmission-line  filter  response  has,  in  addition  to 
a  low  pass  band,  an  infinite  number  of  higher  pass  bands,  each  centered 
on  an  even  multiple  of  the  design  frequency 

Table  II  B-1  relates  specific  frequencies  of  the  lumped-element 
low-pass  prototype  filter  in  the  cu' -plane  to  corresponding  frequencies 
of  the  transmission- line  filter  in  the  cu-plane.  The  mapping  function 
which  maps  the  w-plane  into  the  cu' -plane  is  also  given  in  this  table. 

Two  of  the  three  critical  frequencies  of  the  low-pass  prototype  eu'  ■  0 
and  ci>'  ■  00  are  fixed  and  the  third  (•>\  is  determined  by  the  low-pass 
prototype  filter. 

The  formulas  for  transforming  the  prototype  networks  of  Fig.  IIB-1 
to  the  transmission  line  network  of  Fig.  II  B-2  (or  to  the  dual  of  that 
network)  are  given  in  Table  II  B-2. 


FIG.  II  B-1  LOW-PASS  PROTOTYPE  FILTER:  FOUR  BASIC  ORCUIT  TYPES 
DEFINING  THE  PARAMETERS  Sq*  9\,  AND  MAXIMALLY 

FLAT  AND  EQUt-RIPPLE  CHARACTERISTICS  DEFINING  THE 
BAND-EDGE  <i>{ 
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(o)  ALL  STUBS  AND  CONNECTING  LINES  ARE  Xq/S  LONG 


•o  •  i/tivi^wf)  •*  coriv«|/tt«o) 

Aq  •  <*«/«•  KllMt-MyMp 

«  •  VELOCITY  »  LIOMT  IN  MEDIUM 


(D) 


FIG.  II  B-2  BAND-STOP  FILTER:  TRANSMISSION-LINE  FILTER  DERIVED 
FROM  n-ELEMENT  LOW-PASS  PROTOTYPE,  AND  EQUI-RIPPLE 
CHARACTERISTIC  DEFINING  CENTER  FREQUENCY  &>, 
PARAMETER  o,  AND  STOP-BAND  FRACTIONAL  BANDWIDTH  w 
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TibU  II  B-1 

DEFINITION  OF  PARAMETERS  AND  CORRESPONDENCE 
OF  CRITICAL  FREQUENCIES  IN  o)' -PLANE 
AND  &>■  PLANE 


TRANSFORMATION 


OeriNITION  OP  PARAMETERS 


"  ■  Prototyps  freqjiiMcy  variable 

ai  ■  TranaaiaaioB  liae  filter  fraqueney 
variola 

A  ■  aa>| 


cot 


(iS) 


PREQUBNCT  CORRESPOHDENCBS 


(0  <  «*»  <  •) 


■Wo  1  W|  (■  avea) 


nw« 


(n  odd) 
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Table  II  B-2 

EXAa  EQUATIONS  FOR  BAND- STOP  FILTERS 
WITH  A  j/4  SPACING  BETWEEN  STUBS 

The  filter  atructure  ia  aa  ahown  in  Fig.  II  B-2.  For  the 
dual  caaa  having  ahort-circuitad  aeriaa  atuba,  replace  all 
iBg>adancea  in  the  equationa  belov  by  cerreaponding  adait- 
tancea. 


n  ■  nuaber  of  atuba 

2j^,  Zg  •  terainating  iapadancaa 

Z.  (j  ■  1  to  n)  ■  iapedancea  of  open-circuited  ahunt  atuba 

j  (j  *  2  to  n)  ■  connecting  line  iapedancea 

g;  *  valuea  of  tho  alaaenta  of  the  lo«-paaa  prototype 
^  network  aa  defined  in  Fig.  II  B-1 

A  ■  where  <>>|  ■  low-paaa  prototype  cutoff  frequency 
and  a  ■  bandwidth  pareaeter  defined  in  Bq.  (II  B-I) 

(In  all  caaea  the  left  terainating  iapadanee  Z.  ia  ar¬ 
bitrary)  * 


C^aa  of  n  ■  1: 


Ago*,  ' 


Caaa  of  n  ■  2; 


♦  Agog,) 


^2  *  A.  • 

*  Ag, 


^4«0«3 


aae  of  n  * 


Z|,  Z|2  and  Zj— aauM  foraulaa  aa  ceae  n  ■  2 


*4 
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Table  11  11*2  Cmic  laiieil 


Cate 

of 

n  ■  4: 

/ 

1  \ 

2AkoPi\ 

■ 

^4  (2 

^12 

^^0*l/ 

7  / 

1 

*0  \ 

9 

*0  '\ 

^2 

m 

^4  (  1 

♦  ^«0*1  * 

-VjO  +  ^0*1*  / 

•  ^23 

*0  \  2 

*  *  ♦  ^0*J 

u 

^4 

^0«3 

» 

^34 

=  ii-n 

*0*5 

♦  An  4*5  > 

7 

m 

^4 

.  11. 

*0*5 

\ 

1 

B 

*0*5 

Cate 

of 

n  ■  S 

z,. 

Zjj.  Zj, 

^23*  ^3“ 

»mt  foraulaa  at 

cate  n  ■ 

4 

^4  / 

1 

V 

9 

**  ' 

• 

♦  ^s*«  * 

♦^4*5)7 

^34 

*or« 

*  ‘  ♦  ^5*4, 

^4*6 

/  1  > 

i 

♦  2^5«*\ 

■ 

,  1 
*0 

(  N-s**) 

)-• 

^45 

*0  \ 

'  ♦  ''*5*6/ 

9 

«4*6 

h 

*0 
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To  use  Table  II  H-2,  one  muat  tlutermiiie  tlie  following  quantities: 

(1)  The  left-hand  terminating  impedance  for  the  shunt  stub 
type  filter,  or  of  the  series  stub  type  filter  (dual 
case) 

(2)  The  element  values  of  the  prototype  circuit  gj  (j  ■■  0  to 
n  1 )  and  the  cutoff  frequency  o)‘,  of  the  prototype 

(3)  The  stop-band  center  frequency  ojg 

(4)  The  bandwidth  parameter  a. 

Items  1  and  3  are  arbitrary,  and  Item  2  may  be  obtained  from  tables 
listed  in  Refs.  6  through  8,  or  from  any  suitable  prototype  ladder  cir¬ 
cuit  consisting  of  alternate  series  inductors  and  shunt  capacitors.  The 
element  values  gj  (j  ■  1  to  n)  are  the  inductance  of  the  aeries  inductors 
in  henries  and  the  capacitance  of  the  shunt  capacitors  in  farads.  The 
first  and  last  elements  gg  and  g,,4|  are  the  prototype  filter  terminations 
given  as  resistance  in  ohms  or  conductance  in  mhos  according  to  Fig.  II  B- 1. 

Item  4  is  calculated  from  the  formula 


(II  B-1) 


where  is  the  lower  cutoff  frequency  of  the  transmission  line  filter 
which  corresponds  with  a)|  of  the  low-pass  prototype  filter. 

The  following  example  will  illustrate  the  use  of  the  design  formulas 
and  the  practical  realisation  of  a  strip-line  filter  employing  open- 
circuited  stubs.  A  band-stop  filter  having  50-ohm  input  impedance,  0.1- 
db  pass-band  ripple,  and  60  percent  stop-band  bandwidth  is  desired  and 
a  three-stub  design  is  chosen.  The  center  of  the  stop  band  is  to  be 
1.6  Gc.  The  prototype  element  values  obtained  from  Table  13-1  of  Hef.  8, 
page  202,  are  ~  g^  •  1.  gi  ■  gj  “  1-0315,  and  gj  ■  1.1474.  The  quan¬ 
tity  A  ■  cuja  is  next  computed.  For  the  prototype  chosen  cUj  >  1  radian 
per  second.  From  the  fractional  bandwidth  w  *  0.6  as  defined  in 
Fig.  II  B-2,  we  obtain  o)^/o}^  "0.7  and  the  bandwidth  parameter  a  ■ 
cot  {7^u^/2o>^)  is  found  to  be  0.50953,  whence  A  ■  0.50953.  Now  using 

"  50  ohms  as  the  source  impedance  we  calculate  each  stub  and  connecting 
line  impedance.  Since  n  is  odd  and  the  prototype  design  is  symmetrical. 
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the  design  formules  here  yield  e  symmetrical  transmission  line  design 
so  that  the  right-hand  terminating  impedance  ■  SO  ohms.  The  stub 
impedances  are  calculated  from  the  design  formulas  of  Table  II  11-2  for 
n  ■  3  to  be  Z|  ■  Zj  <•  145.1  ohms  and  Zj  ■  8S.S  ohms.  The  two  connecting¬ 
line  impedances  are  Zjj  ■  "  76.3  ohms.  Each  stub  and  connecting  line 

is  then  made  one-quarter  wavelength  long  at  Ug. 

A  filter  based  on  the  foregoing  design  was  fabricated  in  strip 
transmission  line.  With  air  as  the  dielectric,  \g/4  is  found  to  be 
1.845  inches.  The  center  stub  was  replaced  by  two  parallel  stubs  of 
twice  the  impedance,  t.e.  with  Z  ■  2Z2  ■  171.0  ohms,  in  order  to  nini- 
■ise  the  junction  site  and  thereby  reduce  junction  effect.*  The  essen¬ 
tial  dimensions  are  given  in  Fig.  II  B-3.  The  stub  lengths  were  reduced 
by  an  amount  slightly  more  than  one  diameter  to  allow  for  fringing 
capacitance  at  the  ends  of  the  stubs. 


FIG.  II  B-3  A  STRIP-LINE  Wl DE-STOP-BAND  FILTER 


Ai  this  Mtariil  ia  foiaf  ta  praaa  aaaa  sviSaaca  kaa  baaa  abtaiaaU  aa  aaathar  filtar  atraatara,  ahieh 
aagfaata  that  at  laaat  aaSar  aawa  cireaaataaeaa  it  way  ha  aaaiaa  ta  raplaea  a  aiagla  atab  hy  Jaabla 
ataba  ia  parallal.  Saaa  aapariaaatal  raaalta  aaffaat  that  thara  aay  ha  iataractiaa  bataaaa  tba  taa 
ataba  ia  parallal  aa  that  rafarUlaaa  a(  tbair  taaiaf  tbay  will  alaaya  giaa  taa  aaparata  raaaaaaaaa 
ahara  tkay  ara  bath  aapaataU  ta  raaaaata  at  tba  aaaa  fragaaaey.  Alaa,  bataaaa  tba  taa  raaaaaaaaa  tha 
attaaaatiaa  af  tba  pai'  •I  ataba  way  Srap  vary  laa.  Thia  paaaibla  babariat  at  daabla  ataba  aaa4a 
fartbar  ataUy,  aad  ia  aaatiaaad  bara  ta  alart  tha  readar  of  ahat  eeald  ba  a  pitfall. 
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FIG.  II  B-4  PHOTOGRAPH  OF  THE  STRIP-LINE  WIDE-STOP-BAND  FILTER 


A  photograph  of  the  filter  is  shown  in  Fig.  II  B-4.  The  rectangular 
center-conductor  dimensions  were  obtained  from  Fig.  6  of  Ref.  9  and  the 
cylindrical  stubs  were  designed  with  the  aid  of  the  following  approximate 
formula  for  the  impedance  of  a  round  conductor  between  parallel  planes 

138  4b 

^0  ’  —  ‘“Kto  ^  B-2) 

where  d  is  the  diameter  of  center  conductor  and  b  is  the  plate  to  plate 
spacing.  Discontinuities  at  impedance  steps  were  compensated  for  ex¬ 
perimentally  using  screws  through  the  ground  planes. 

The  computed  and  measured  performance  of  this  filter  is  given  in 
Fig.  II  B'S.  The  measured  results  agree  well  with  the  theoretical  pre¬ 
dictions  over  a  rather  broad *band;  however,  some  improvement  could  have 
been  obtained  by  using  tuning  screws  to  make  the  stubs  resonate  precisely 
at  the  desired  stop-band  center  frequency. 
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FIG.  II  B-5  COMPUTED  AND  MEASURED  PERFORMANCE  OF  THE 
WIDE-STOP-BAND  FILTER  IN  FIG.  II  B-3 


C.  MODIFICATION  FOR  NARROW  STOP  BANDS 

Although  the  design  procedure  given  in  Part  B  ia  theoretically  exact 
for  stop  bands  of  any  width  it  does  not  produce  a  practical  filter  design 
for  very  narrow  stop  bands,  for  which  shunt  stub  impedances  of  the  order 
of  1000  ohms  or  more  would  be  required  in  a  50*ohm  system.  One  can,  how¬ 
ever,  substitute  for  each  open-circuited  stub  of  length  A.g/4  a  capaci- 
tively  coupled  short-circuited  stub  of  electrical  length  <  Tr/2.  The 
connecting  lines  fortunately  have  impedances  that  are  the  same  order  of 
magnitude  as  the  source  impedance. 

The  coupling  capacity  Cj ,  the  short-circuit  stub  length  and  the 
impedance  Z!  are  calculated  from  the  design  formulas  of  Fig.  II  C-l.  The 
function  F(^)  of  the  design  formulas  is  tabulated  on  page  48  of  Quarterly 
Report  3  for  this  project.*^  The  original  stub  and  its  capacitively-coupled 
substitute  are,  by  reason  of  the  design  formulas,  exactly  equivalent  at 
stop-band  center  cOg,  and  because  they  both  present  a  very  high  impedance 
in  shunt  with  the  main  line  at  other  frequencies,  one  can  expect  the 
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modified  filter  and  the  exact  design  to  have  very  nearly  identical  per* 
formance  over  the  band  of  interest.  This  range  of  excellent  performance 
was  shown  in  a  design  example  to  extend  from  zero  to  at  least  l.Sa)^.  The 
design  formulas  of  Fig.  II  C-1  permit  an  arbitrary  choice  of  either  Zj , 
the  impedance  of  the  short-circuited  stub,  or  C.  the  gap  capacitance; 
however,  construction  is  simpler  if  all  Z'^  are  equal.  Here  the  Z'.  should 
be  approximately  7S  ohms  for  coaxial-line  or  strip-line  resonators  in 
order  to  have  high  unloaded  Q*s,  while  at  the  same  time  the  Cj  must  not 
be  so  large  that  the  corresponding  very  small  coupling  gaps  create  toler¬ 
ance  problems.  Ordinarily  a  filter  of  this  type  will  have  provision  for 
tuning  each  stub  resonator  by  means  of  tuning  screws.  A  suitable  strip¬ 
line  design  for  such  a  filter  is  shown  in  Quarterly  Report  3  for  this 
project  Fig.  Ill-Sb.  page  45. 
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FIG.  M  C-1  STRIP-LINE  STRUCTURE  FOR  BAND-STOP  FILTERS 
WITH  NARROW  STOP  BANDS 
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FIG.  II  C-2  NARROW-STOP-BAND  FILTERS 


A  narrow-stop-band  filter  based  on  a  prototype  with  0. 1 -db  Tchebyscheff 
ripple  was  designed  by  the  above  aiethod  yielding  the  filters  of  Fig.  II  C-2. 
The  upper  figure  is  the  exact  design  and  the  lower  figure  is  the  derived 
filter  using  capscitively-coupled  resonstors.  The  computed  response  of 
the  derived  filter  is  shown  in  Figs.  II  C-3  and  II  C-4  along  with  that  of 
the  exact  design.  The  response  of  the  derived  filter  is  seen  to  be  very 
close  to  that  of  the  exact  design  over  the  range  0  <  cu/cu^  <  1.5,  and  to 
be  a  fair  approximation  elsewhere. 

D.  FORMULAS  FOR  FILTERS  WITH  3A,/4  SPACING 
BETWEEN  RESONATORS 

As  previously  mentioned,  in  the  case  of  narrow-stop-band,  waveguide 
band-stop  filters,  interaction  effects  due  to  the  fringing  fields  in  the 
vicinity  of  the  resonator  coupling  irises  can  cause  considerable  disrup¬ 
tion  of  the  stop  band  when  A.g/4  spacing  is  used  between  resonators.  **  It 
hss  been  found,  however,  that  this  difficulty  is  eliminated  if  3\g/4 
spacing  is  used  between  resonstors.^ 
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FIG.  II  C-4  THE  RESPONSES  IN  FIG.  II  C-3  WITH  AN  ENLARGEO  SCALE 
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Table  II  D- 1 


EXACT  EQUATIONS  FOH  BAND- STOP  FILTERS  WITH  3Ag/4  SPACING 
BETWEEN  STUBS  OR  RESONATOR  IRISES 

The  filter  atruetura  ia  of  the  fora  in  Fig.  II  D-l(a),  For 
the  dual  eaee  in  Pig.  II  D-l(b),  ref^laee  all  adaittancaa  in 
the  equationi  beloe  eith  eorreaponding  iapedancea. 


n  ■  nuaber  of  atuba 

F^,  Fg  *  terainating  adaittances 

F.  (y  a  1  to  n)  ■  adaittancea  of  ahort-eircnited 
•  aeriea  atuba 

(F.  .  .).  ■  adaittance  of  kth  (k  ■  1,  2  or  3)  con- 
*  necting  line  froa  the  left  between  atuba 
y  -  I  and  y 

g.  ■  Taluaa  of  the  eleaenta  of  the  low-pasa  prototype 
^  network  aa  defined  in  Fig.  II  B-1 

A  ■  where  •  low-paaa  cutoff  frequency  and 
a  «  bandwidth  pnraneter  defined  in  Eq.  (II  B-1) 

(In  all  caaea  the  left  terainating  iapedance  it  arbitrary) 


Caae  of  n  ■  2; 


^  - 
h  - 


Caae  of 


’’-(■•Jik)' 

<>^12)1  “ 

F,(l* 

^0«1> 

(F,2)2  - 

‘'aMs 

/  1  \ 

y  *^2«3/ 

•'a*®*!  * 

‘>'12>3  ■ 

*’a*0*3 

/I  ♦ 

\*  ♦^2«s/ 

(I  •  3: 

i? 


<*'23^2 

«>^23>3  - 


«0 /*  ♦^3«4\ 

«4  V  ♦  2^3«4/ 

«0  *  3A,,g  A 

*  «4  \*  ♦  2Ag,g  J 
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Table  II  D- I  iiresents  e(|uaLioiis  for  llie  JeaiKii  of  filters  with 
series-connected  stulis  with  3Aq/4  spucin^s  between  stubs,  fur  the  cases 
of  n  *  2  and  n  *  3  stubs.  The  coiif  i gu rut  i on  under  ronsideration  is 
aliowii  in  Fig.  II  L)-l(a);  however,  by  duality,  the  same  equations  can  he 
made  to  apply  also  to  the  structure  in  Fig.  II  U-l(b)  by  simply  rede¬ 
fining  all  of  the  admittances  in  Table  II  l)-I  as  impedances.  The  reso¬ 
nator  suaceptance  slope  parameters  for  the  series  stubs  in  Fig.  II  D-I(a) 
are  given  by 


I  -  —Y 
i  4  i 


(II  U-1) 


Having  the  admittances  of  the  connecting  line  sections,  and  also  the 
slope  parameters  required  for  the  various  resonators,  the  designer  can 
carry  out  the  remainder  of  the  waveguide  filter  design  using  the  pro¬ 
cedure  that  was  discussed  previously. 


(0) 


UK  KSraN  FORMULAS  M  TARLC  n  R-Z  FOR  CASE  OF  ixA,  EXCCRT  IN 
RLACC  OF  2,  SURSTITUTC: 


FIG.  II  E-1  LOW-PASS  PROTOTYPE  AND  BAND-STOP  FILTER 
WITH  EQUI-RIPPLE  PASS  BANDS  AND  STOP  BANDS 
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E.  FILTEHS  WITH  EgilAL.HIiMMJ';  PASS-HAND  AND 
STOP- BAND  ATTENUATION 

The  filters  described  heretofore  hsve  all  their  poles  of  attenuation 
at  the  design  frequency  (and  at  odd  multiples  thereof)  with  the  result 
that  the  stop  band  is  relatively  narrow  for  high  values  of  attenuation. 

For  example,  the  computed  filter  response  of  Fig.  II  B-S  has  a  60>percent 
atop  band  for  0.1-db  attenuation  while  the  4S-db  stop  band  is  10  percent 
of  center  frequency.  We  desire  a  method,  therefore,  of  spreading  the  at¬ 
tenuation  poles  in  the  stop  band  to  achieve  sharper  cutoffs  and  broader 
regions  of  high  attenuation  without  affecting  the  pass-band  responae  ad- 
veraely.  This  can  be  done  by  employing  a  low-pass  prototype  that  has  just 
one  pole  of  attenuation  at  a  finite  frequency  and  that  has  Tchebyscheff 
ripple  in  both  pass-  and  stop  bands.**  It  can  be  shown  that  more  than 
one  finite  frequency  pole  in  the  low-pass  prototype  would  disrupt  the 
design  procedure  discussed  herein.  A  schematic  diagram  of  a  prototype 
filter  (n  ■  4)  with  one  pole  of  attenuation  at  a  finite  frequency  is 
shown  in  Fig.  IIE-l(a),  andFig.  IIE-l(b) 

shows  its  corresponding  transmission- line  ^ 

filter  together  with  design  formulas, 
which  supplement  those  in  Table  II  B-2. 

Tables  of  element  values  for  filters  of 
the  type  shown  in  Fig.  II  E-l(a)  yielding 
the  response  shape  of  Fig.  II  E-2(a)  have 
been  published  by  the  Telefunken  company** 
and  can  be  used  with  the  design  formulas 
of  Fig.  II  E-1  and  Table  II  R-2,  provided 
that  the  following  change  of  notation  is 
made  on  the  element  values  in  the  Tele¬ 
funken  tables:**  The  element  values  (L^, 

L^,C2,iJ,C^)  as  given  in  the  Telefunken 
tables  are  to  be  reversed  in  position 

standard  notation  used  herein  (gjigi'A'}' 
gj,g^)  respectively.  Also,  for  this 
case,  gf)  ”  gg  ”  ^  for  the  symmetrical 
filter,  and  g,  *  l/(right-hand  termi¬ 
nating  resistance)  and  g,^  »  1  for  the 
asymmetrical  filter.  The  two-terminal 
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FIG.  11  E-2  RESPONSE  OF  FILTER 

NETWORKS  OF  FIG.  II  E-1 
(o)  LOW-PASS  PROTOTYPE 
(b)  TRANSMISSION-LINE 
FILTER 
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circuit  consisting  of  capacitor  Cj  and  inductor  Lj  in  series  has  for  its 
exact  transform  the  series-connected  open-circuited  and  short-circuited 
stubs  as  shown  in  I'ig.  II  E'3(b).  Such  a  network  cannot  be  easily  real¬ 
ised,  however,  and  the  exactly  equivalent  two-section  tandem  network 
shown  just  below  the  former  is  sometimes  preferable.  Although  the  above 
methods  for  realising  the  susceptance  B  in  Fig,  II  E-3(b)  are  exact, 
they  may  yield  extremes  of  impedance  values  in  the  two-stub  section.  To 
get  around  such  difficulties,  the  approximate  equivalent  network  of  two 
unequal  length  stubs  in  parallel  as  shown  in  Fig.  II  E-3(c)  msy  be  used 
in  place  of  the  exact  design.  The  shunt  susceptance  of  the  substitute 
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FIG.  II  E-3  TWO-TERMINAL  SHUNT  NETWORK  YIELDING  POLES 
OF  ATTENUATION  NEAR  STOP-BAND  EDGE 


22 


I 


I 

I 

I 


! 

i 

t 

I 

I 


I 


stubs  and  Z^^  in  iiarullel  is  exactly  equal  to  tliat  of  the  two-section 

exact-design  stubs  Z'^  and  Z"^  at  frequencies  u)^,  u>.^,  co^  and  o)^ .  The  de¬ 
sign  formulas  for  Z^^  and  are 


and 


where 


'3r 


xA 


tan  0^2  t***  ~  ^,2 

tan  0^  ^  +  tan  6^2 


(II  E-1) 


'3* 


tan  I  tan  ^^2  ~  tan 


tan  6  I  tan  6 


yi 


(II  E-2) 


I 

^3L.  -  — 

*0 


“>*•  -  ^ 


(II  E-3) 


7T  » 

d  - - radians  , 

••  2  o> 

N 


and  the  frequency  subscripts  1,  2,  x,  and  y  are  defined  in  Fig.  II  £-2. 

The  lengths  and  1^  of  the  stubs  of  impedance  Zj^  and  Zj^,  respectively, 
are  calculated  from  the  relationship 


<•>.  I . 


u>  I 
y  y 


TJV 

T 


(II  E-4) 


where  v  ■  velocity  of  light  in  medium. 

The  main  features  of  this  approximate  type  of  design  are  shown  in 
the  filter  of  Fig.  II  E-4.  The  response  of  this  filter  is  given  in 
Fig.  II  E-5.  Although  the  exact-design  filter  response  is  not  given  in 
Fig.  II  E-S,  the  comparative  performance  of  the  two  types  can  be  inferred 
from  the  dashed  lines  which  form  the  bounds  of  the  equi-ripple  exact  re¬ 
sponse.  It  is  apparent  that  over  a  frequency  range  from  xero  to  almost 
2o)^  (twice  stop-hand  center  frequency)  the  approximate  design  filter 
response  is  remarkably  close  to  the  ideal  response  boundaries,  and  al¬ 
though  there  is  deviation  from  the  ideal  above  that  region  the  filter  is 
still  useful.  The  advantage  gained  is  the  reduction  of  the  range  of 
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impedances  in  the  I'iiter  from  a  ratio  of  12  to  1  to  about  4.5  to  1.  The 
prototype  element  values  for  this  filter  are  gQ*!.  gj* 0.9304,  gj*  1.373, 
gj«  1.278,  gj«0.1017,  g^»0.8357,  and  gj  "  1  given  on  page  50,  line  27 
of  the  Telefunken  tables**  (but  in  reverse  order  as  explained  above).  The 
maximum  pass-band  reflection  coefficient  is  15  percent  (0.1-db  attenua¬ 
tion),  and  the  minimum  stop-band  attenuation  is  45.2  db.  The  pole  of 
attenuation  in  the  stop  band  of  the  prototype  occurs  at  ■  2.773(t)|  ■ 
2.77,  since  co^  ■  1.  The  edge  of  the  prototype  stop  band  for  45.2-db 
attenuation  is  at  «  2.539.  In  the  transmission-line  filter  (exact 
design)  the  0.1-db  stop-band  edges  are  O.Sojj^  and  1 . 5a>Q  (100  percent  band¬ 
width)  and  the  45.2-db  bandwidth  extends  from  ^  ■  0.761  to  •  1.239 
(48  percent  bandwidth).  The  normalized  transmiaaion-line  impedancea  for 
the  exact  deaign  are  Z^~l.  Z^  •  i.OlS,  Z2*0.714,  Zj"  0.8842,  Z^  ■  8.549, 

Z^  ■  2. 197,  Zg  ‘  1  and  Zjj  ”  1.482,  Z2]*1.891,  1.836.  For  the  approxi¬ 

mate  deaign,  we  have  in  place  of  the  two-section  stub  with  impedances 
Zj*  0.8842  and  Zj"  8.549,  two  shunt  stubs  of  impedance  Zj^  ■  1.470  and 
Zj^a  1.915.  The  electrical  lengths  of  these  stubs  at  stop-band  center 
frequency  are  ^,0  *  1>287  radians  and  g  *  2.015  radians.  The  design 
parameter  A  ■  aoi^  >  1. 
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FIG.  II  E-4  PRACTICAL  ADAPTATION  OF  EXACT  DESIGN 
FOR  TCHEBYSCHEFF  RESPONSE  IN  PASS  BAND 
AND  STOP  BAND  (n  -  4) 
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FIG.  II  E-5  COMPUTED  RESPONSE  OF  FILTER 
OF  FIG.  II  E-4 


Although  the  specific  example  used  here  to  illustrate  the  design 
method  yielded  reasonable  values  of  impedance  this  will  not  necesssrily 
be  true  for  all  filter  specifications.  For  filters  with  narrow  stop- 
or  pass  bands,  the  filter  designer  may  have  to  accept  less  discrimina* 
tion  between  the  pass  hand  and  the  stop  hand  than  he  can  demand  when  the 
pass*  and  stop  bands  are  approximately  equal  in  width  in  order  to  obtain 
reasonable  values  for  the  stub  transmission*  1  ine  impedances. 
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F.  DERIVATION  OF  THE  DESIGN  EQUATIONS  IN  THIS  SECTION 


The  deaign  procedure  of  this  section  hinges  on  Kuroda's  identity.*'* 
This  identity  is  realised  in  transmission  line  as  shown  in  Fig.  II  F>1. 
Note  that  this  identity  says  that  a  circuit  consisting  of  an  open* 
circuited  shunt  stub  and  a  connecting  line  of  the  same  length  haa  an 
exact  equivalent  circuit  consisting  of  a  short-circuited  series  stub 
with  a  connecting  line  at  the  opposite  side. 

Figure  II  F-2  traces  out  how  Kuroda's  identity  is  used  to  relate  a 
band-stop  filter  of  the  type  in  Fig.  II  B-2(a)  to  a  low-pass  prototype 
filter.  Figure  II  F-2(a)  shows  a  low-pass  prototype  filter  for  the  case 
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FIG.  II  F-1  KURODA’S  IDENTITY  IN  TRANSMISSION-LINE  FORM 
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FIG.  II  F-2  STAGES  IN  THE  TRANSFORMATION  OF  A  LOW-PASS  PROTOTYPE 
FILTER  INTO  A  BAND-STOP  TRANSMISSION-LINE  FILTER 
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of  n  ■  3  reactive  elements.  Applying  the  mapping  equation  of  Table  II  B-1 
to  the  shunt  auaceptances  and  series  reactances  of  this  filter  gives 


w'C' 


w't' 


(II  F-I) 

(II  F-2) 


Note  that  the  right  side  of  Eq.  (II  F-1)  corresponds  to  the  susceptance 
of  an  open-circuited  stub  having  a  characteristic  admittance 

Y.  -  C'.eo[a  ,  (II  F- 3) 

the  stub  being  \j/4  long  at  Similarly,  the  right  side  of  Eq.  (II  F-2) 

corresponds  to  the  reactance  of  a  short-circuited  stub  of  characteristic 
impedance 

Z.  •  L‘a)\o  (II  F-3) 

when  the  stub  is  \j/4  long  at  frequency  Wj.  Thus,' the  shunt  capacitors 
in  the  low-pass  prototype  become  open-circuited  shunt  stubs  in  the  mspped 
filter,  while  the  series  inductance  in  the  prototype  becomes  a  short- 
circuited  series  stub  in  the  mapped  filter. 

Note  that  in  the  mapped  filter  in  Fig.  II  F-2(b),  the  terminations 
seen  by  the  reactive  part  of  the  filter  are  still  on  the  left  and  flg 
on  the  right.  However,  on  the  right  two  line  sections  of  impedance 
have  been  added.  Since  their  characteristic  impedance 
matches  that  of  the  termination,  they  do  not  affect  the  attenuation 
characteristic  of  the  circuit;  their  only  effect  on  the  response  is  to 
giro  some  added  phase  shift.  The  circuit  in  Fig.  II  F-2(b)  then  has  a 
response  which  is  the  desired  exact  mapping  of  the  low-paas  prototype 
response.  The  only  trouble  with  the  filter  in  Fig.  II  F-2(b)  is  that 
it  contains  a  series  stub  which  is  difficult  to  construct  in  a  shielded 
TEM-mode  microwave  structure. 

The  series  stub  in  Fig.  II  F-2(b)  can  be  eliminated  by  application 
of  Kuroda's  identity  (Fig.  II  F-1).  Applying  Kuroda's  identity  to  stub 
Kj  and  line  Z,j  in  Fig.  II  F-2(b)  gives  the  circuit  in  Fig.  II  F-2(c). 
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Tlien  applying  Kuroda'a  identity  simultaneously  to  stub  Zj  and  line 
and  atub  Zj  and  line  in  Fig.  II  F-2(c)  gives  the  circuit  in 
Fig.  II  F-2(d).  Note  that  the  circuit  in  Fig.  II  F*2(d)  has  exactly 
the  aame  input  impedance  and  over-all  transmission  properties  as  the 
circuit  in  Fig.  II  F-2(b),  while  the  circuit  in  Fig.  II  F-2(d)  has  no 
series  stubs. 

The  equations  in  Tables  II  B-2  and  II  D- I  were  derived  by  use  of 
repeated  applications  of  the  procedures  described  above.  For  reasons 
of  convenience,  the  equations  in  the  tables  use  a  somewhat  different 
notation  than  does  the  example  in  Fig.  II  F-2;  however,  the  principles 
used  are  the  same.  The  equations  in  Tables  II  B-2  and  II  D- I  also  pro¬ 
vide  for  a  shift  in  impedance  level  from  that  of  the  low-pass  prototype. 

The  slightly  more  complicated  filter  network  of  Part  F,  in  which 
the  attenuation  poles  are  spread  out  in  the  stop  band,  is  solved  in  a 
manner  very  similar  to  that  described  above.  That  is,  each  lumped  ele¬ 
ment  ia  transformed  to  a  transmisaion-line  section  and  Kuroda’a  identity 
is  used  to  separate  the  stubs  while  causing  all  stubs  (except  for  those 
in  Branch  3)  to  be  of  one  kind  only  as  shown  in  Fig.  II  E-1.  There  are, 
however,  two  important  differences  worth  further  discussion.  First,  the 
series  L-C  network  in  Branch  3  of  the  low-pass  prototype  [Fig.  Ill  E-I(a)] 
requires  special  treatment  in  the  process  of  being  transformed  to 
tranamistion- line  stubs  as  described  in  Part  E,  and  second,  Kuroda’s 
transformation  cannot  be  applied  to  the  corresponding  two-stub  branch 
of  the  filter.  Because  of  this  inapplicability,  only  one  such  two-stub 
branch  is  allowed  in  the  transmission-line  filter.  With  only  one  such 
two-stub  network  in  the  filter  circuit,  it  is  possible  to  insert  as 
many  quarter-wave  sections  as  are  required  starting  at  each  end  and 
working  toward  the  two-stub  branch.  This  is  no  handicap  and  was  in 
fact  the  method  used  in  deriving  the  design  equation  of  Tables  II  B-2 
and  II  D- 1 . 
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Ill  MAGNETICALLY  TUNABLE  FILTERS 


A.  GENERAL 

In  this  section  s  review  of  the  procedure  employed  in  the  establish¬ 
ment  of  the  parameters  and  dimensions  of  magnetically  tunable  filters  is 
given.  Charts  and  graphs  are  presented  which  enable  a  designer  to  arrive 
at  the  dimensions  of  the  circuit  elements,  including  the  ferr imagnet ic 
resonators,  in  order  to  give  a  specified  band-pass  frequency  response. 
Circuit  structures  are  presented  which  appear,  or  which  have  proved  to 
be  very  promising  for  practical  applications.  Two  typical  examples  are 
given  of  the  design  of  two-reaonator  band-pass  filters,  one  of  which  em¬ 
ploys  a  waveguide  and  the  other  a  strip-transmission-line  coupling 
circuit.  Finally,  the  performances  of  two  side-wall-coupled  strip- 
tranamission-line  filters,  one  containing  two  resonators  and  the  other 
three,  are  discussed.  The  results  are  compared  with  a  previous  version 
of  the  two-reaonator  aide-wall-coupled  filter  and  with  a  previously  de¬ 
veloped  overlapping  line  version. 

B.  DESIGN  OF  RECIPROCAL  MAGNETICALLY  TUNABLE 
MICROWAVE  FILTERS 

An  equivalent  circuit  composed  of  lumped  elements,  including  gyratora, 
can  be  developed  to  represent  coupled  f errimagnetic  resonators.  A  series 
of  ferrimagnetic  resonators  shown  in  Fig.  Ill  B-1  is  coupled  through  the 
interaction  of  the  RF  magnetic  dipole  moments  of  the  resonators.  Whether 
or  not  a  gyrator  is  present  in  the  equivalent  circuit  representation  de¬ 
pends  on  the  way  in  which  the  resonators  are  coupled  to  each  other  and 
upon  the  way  the  end  resonators  are  coupled  to  the  input  and  output  lines 
or  waveguides.  If  the  input  and  output  coupling  loops  in  Fig.  Ill  B-1 
were  orthogonal,  then  the  equivalent  circuit  would  contain  a  gyrator. 

If  the  two  loops  lie  in  the  same  plane  as  shown,  then  no  gyrator  will  be 
present  in  the  equivalent  circuit. 

The  presence  or  absence  of  a  gyrator  in  the  equivalent  circuit 
representation  of  multiple-coupled-ferrimagnetic-resonator  filters  does 
not  affect  their  transfer  characteristics  in  the  cases  to  be  considered 
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RCMNATOm  COUPLE  IV  MTCMACTtON  OP 
AOMCfNT  MIULLEL  MMNCTIC  MOMENTt 


PEMUMAONETIC 

RESONATOM 

t-tut-itr 


FIG.  Ill  B-1  MAGNETIC  MOMENTS  IN  A  FILTER  EMPLOYING  MULTIPLE 
FERRIMAGNETIC  RESONATORS 


here.  Devices  that  employ  the  nonreciprocal  characteristics  of  the  ferri- 
magnetic  resonator,  such  as  the  magnetically  tunable  nonreciprocal  wave- 
guide  filter*  must  be  repreaented  by  circuits  that  contain  both  gyratora 
and  resonant  circuits.  Some  equivalent  circuits  for  these  nonreciprocal 
configurations  in  waveguide  atructures  have  been  given  by  Patel*  and 
Anderaon. ^ 

Figure  III  B*2  gives  a  lumped- element  circuit  representation  of  the 
multiple-ferrimagnetic-resonator  band-pass  filter.  From  this  representation, 
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FIG.  Ill  B-2  EQUIVALENT  CIRCUIT  OF  COUPLED  FERRIMAGNETIC 
RESONATOR  FILTER 
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•  systematic  design  procedure  is  carried  out  as  follows,  iiiiikitig  use  of 
a  low-pass  prototype  approach  to  the  derivation  of  the  lumped-element 
band-pass  circuit  parameters : 


^Q.K 


(in  B-i) 


<0.), 

*i .  I  + 1 


(III  B-2) 


(III  B-3) 


where 


(Qfig  “  External  Q’ s  of  input  and  output  resonators 


"o'te 


S)*%i 


'  Coupling  coefficient 

between  resonators 

’*«'*n+l  "  Normalised  low-pass  prototype  « 
values  for  desired  response  shape  (seeFi 
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FIG.  Ill  B-3  DEFINITION  OF  PROTOTYPE  FILTER  PARAMETERS 
8o»  9|»  9]'  9|,  ♦! 

A  prototype  circuit  is  shown  at  (o)  and  its  dual  is  shown 
at  (b).  Either  form  will  give  the  same  response.  An 
additional  prototype  parameter,  a>|,  is  defined  in 
Fig.  Ill  B-A 
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FIG.  Ill  B-4  DEFINITION  OF  LOW-PASS  PROTOTYPE 

AND  BAND-PASS  RESPONSE  FREQUENCIES 


o)\  •  Cutoff  frequency  (radians/sec)  of  normalised  low- 
pass  prototype  (see  Pig.  Ill  B-4) 

w  ■  (/j  "/i)//o  *  Fractional  bandwidth,  where/ j  and  /j 
are  defined  in  Fig.  Ill  B-4  and  /j  ■  ^ f if f 

The  center- frequency  dissipation  loss,  L^,  (t.e.,  not  including  reflec¬ 
tion  loss)  is  given  approxinstely  by^ 


L 
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db 


(III  B-4) 


Here  the  prototype  element  values  are  assumed  to  be  normalised  so  that 
gg*!,  and  the  Q^^  are  the  unloaded  Q’ u  of  the  resonators. 

C.  RESONATOR  MATERIALS  AND  THEIR  PROPERTIES 

1.  General — Several  different  single-crystal  materials  are  known 
to  have  possible  application  in  magnetically  tunable  filter  design: 

(1)  Yttrium-iron-gsrnet  (TIG) 

(2)  Gallium-substituted  yttrium- iron-garnet  (Ga-YIG) 

(3)  Lithium  ferrite 

(4)  Barium  ferrite. 

Of  these  four  materials,  the  first  three  now  appear  to  be  the  most  prom¬ 
ising  for  tunable  band-pass  and  band-reject  filter  applications  since 
they  have  the  narrowest  linewidth.  The  properties  including  the  unloaded 
Q(Q, )  of  YIG  have  been  discussed  in  several  of  our  previous  publications*'^ 
and  in  the  literature.  The  remaining  three  resonator  materials  have  been 
described  in  other  publications.*'’^ 
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The  electrical  characteriat ics  of  ferrimagnet ic  materials  that  al- 
feet  the  design  of  magnetically  tunable  filters  are  these: 


(1) 

Saturation  magnetization,  M* 

(2) 

Aniaotropy  field 

constant,  K^/M 

(3) 

Curie  temperature 

(4) 

Linewidth  A/f,  or 

unloaded  Q, 

(5) 

Shape  of  aample. 

Table  III  C-1 

PROPERTIES  OF  SINGLE- CRYSTAL  FERHIMAUNKTIC  MATERIALS 
FtW  MAGNETICALLY  TUNABLE  FII.TERS 


MATERIAL 

(AT  ROOM 

TEMPERATURE) 

(gauas ) 

Ej/Mj  (AT  ROOM 

TEMPERATURE ) 
(earateda ) 

Off*  (AT  ROOM 

TEMPERATURE) 

(oeratada) 

(»C) 

Yttriuai-Iron-Garnet^  (YIG) 

I7S0 

-43 

0.22  (4  Gc,  Ref.  14) 

292 

Gal  liuai- Substituted^ 
Yttrium- Iron-Garnet 

SO- 1750 

600 

950  1  SO 

-55.8 

-41.7 

0. 7-2.0  (at  4.4  Gc) 

206 

Lithium  Ferrite 

3550  140  (Ref.  9) 

-• 

3*  (5  Gc) 

-- 

"Planar"  Ferrite  "Zn,Y" 

<«*12*"2F‘12022) 

2850  (Ref.  10) 

4950  (Ref.  10) 

10  (V-band,  Ref.  10) 

•  • 

Theae  valaet  e(  eH  aera  ataaared  ia  eavitiaa.  Thay  nay  ba  eonaidarably  larger  ahaa  aeaaarad  ia  a 
(iltar  atractara.  See  diaeaaaioa  ia  Sac.  C-2. 

^  Tbaaa  aatariala  aera  aapptiad  by  Microaara  Cbaaicala  Laboratory,  282  Saraath  A«a.,  Naa  York  City, 
Naa  York. 

^  Priaata  coaauaicatioa,  J.  W.  Nialaea,  Airtroa  Diaiaioa  of  Lyttoa  ladualriaa,  Vorria  Plaiaa, 

Naa  Jaraay. 


Note  that  M ^ and  are  intrinsic  physical  constants  of  the 
material . Table  III  C-I  lists  the  measured  values  of  these  physical 
constants.  In  the  case  of  gal I ium- subst i tuted  ytt r ium- i ron-garnet ,  N, 
and  Hi/iV,  depend  on  the  percentage  of  gallium  substitution.  The  values 
of  given  in  the  table  were  measured  at  SRI,  at  room  temperature 

using  two  samples  of  Ga-YIG  of  different  degrees  of  substitution  of 
gallium.  Values  of  the  constants  of  the  other  materials  in  the  table 
are  taken  from  the  indicated  references. 


•  2*6 
la  a.k.a.  aaito  io  la  aaporo-taraa  par  aotar,  aad  »•  >■  *abora/aator  ,  whore  Mg  *  I-*®  U®  ) 

keariaa/aatar.  The  wait  daS^  ia  gaaea  ia  fragaeatly  aaed  (iageoaa)  K  10  *  "  (<■  wahera/aeter*)] . 

^  These  eoastaata  vary  with  taaperatare.  Heweeer,  their  ralue  ia  indepeadent  of  akepe,  fraqaeacy.  aad 

applied  dc  aad  RF  fialda. 
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The  shape  of  the  material  affects  the  dc  magnetic  field  required 
to  produce  resonance  at  a  given  frequency.  In  principle  it  is  possible 
to  achieve  lower  resonant  frequencies  by  using  an  oblate  spheroidal 
shape  or  a  thin  flat  disc  than  by  using  a  spherical  resonator.  The 
best  resonators,  i.e.,  those  having  the  highest  have  always  in  the 
past  been  achieved  with  spherical  resonators.  The  effect  of  shape  on 
the  minimum  resonant  frequency  is  discussed  below. 

The  significance  of  the  Curie  temperature  is  that  above  this 
temperature  the  material  suddenly  loses  its  magnetic  properties.  Thus, 
operation  above  the  Curie  temperature  will  not  be  possible. 

2.  Effect  of  Saturation  magnetization  and  Shape  on  minimum  Resonant 
Frequency — The  saturation  magnetisation  m^  and  the  shape  of  the  resonator 
determine  the  lowest  resonant  frequency,  /g'*,  which  can  be  reached. 
Figure  III  C* 1  shows  /g**  of  spheroidal  resonators  as  s  function  of 


FIG.  Ill  C-1  MINIMUM  RESONANT  FREQUENCIES  OF  ELLIPSOIDS 
OF  VARIOUS  AXIS  RATIOS 
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AnM^  in  gauss  with  the  ratio  of  principal  axes  aa  a  parameter.  The  most 
commonly  employed  resonator  shape  is  spherical,  which  is  primarily  a  re¬ 
sult  of  the  ease  with  which  it  can  be  fabricated  and  polished  to  give 
resonators  with  very  high  values  of  Q^. 


3.  Unloaded  Q,  Q^— The  unloaded  Q,  Q^,  is  usually  given  by  the 
manufacturer  in  terms  of  an  equivalent  quantity,  the  linewidth  Aff.  To 
obtain  from  the  linewidth,  the  following  formula  is  used: 


/o  ^ 
2.8Aff 


where 

/g  ■  Resonant  frequency,  cycles/second 
A//  ■  Linewidth,  oersteds. 


(Ill  C-1) 


The  of  YIG  increases  about  linearly  with  increasing  frequency  in 
the  2-10  Gc  frequency  range.**  The  values  of  obtsined  in  a  practical 
filter  structure  where  the  coupling  is  relatively  tight,  and  consequently 
the  conducting  boundaries  are  near  the  resonator,  are  usually  lower  than 
the  values  specified  for  the  material  by  the  manufacturer.  The  value  of 

a 

varies  substantially  among  the  various  configurations  which  have  been 
tried.  Figure  III  C-2  shows  the  values  of  that  have  been  obtsined 
with  a  0.074-inch-diameter  resonator  in  different  coupling  configurations 
including  a  full-height  5-band  waveguide  which  is  used  as  a  reference  to 
compare  different  resonators. 


4.  Effect  of  Magnetoeryetalline  Anisotropy — The  effect  of  magneto¬ 
crystalline  anisotropy  is  that  the  resonant  frequency  (or  the  biasing 
ff-field  required  to  yield  a  given  resonant  frequency)  varies  according 
to  the  orientation  of  the  crystal  axes  with  respect  to  the  biasing  mag¬ 
netic  field.  Figure  III  C-3  shows  the  field  required  to  resonate  a  YIG 
sphere  at  room  temperature,  as  the  resonator  is  rotated  around  a  [110] 
crystal  axis.  The  dc  magnetic  field  is  perpendicular  to  the  axis  of 
rotation  of  the  sphere.  For  crystals  with  cubic  symmetry  (such  as  single 
crystal  YIG  or  gallium-substituted  YIG) 

• 

LiaavMtk  i«  bar*  a«fia«a  M  tW  4if(«r*M*  tW  twm  Talw*  of  biMiaf  (i«14  far  abich  tba 

iaaaiaary  part  af  tba  iatriaaia  aaaearaibilitr  avoala  tba  raal  part,  abila  travaaaey  ia  baM  caaataat. 
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FIG.  Ill  C-2  Q„  OF  YIG  RESONATOR  IN  WAVEGUIDE 
AND  STRIP-TRANSMISSION-LINE  FILTER 
CONFIGURATIONS 


FIG.  Ill  C-3  FIELD  STRENGTH  TO  GIVE  RESONANCE  AT  3000  Me  AS  A  YIG  SPHERE 
IS  ROTATED  ABOUT  AN  [110]  AXIS  imiCH  IS  PERPENDICULAR  TO  H, 
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oersted 


(III  C-2) 
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where  -  (/o^.e/^  S,  (/o)„  i»  the  resonant  frequency  in  fflegacyclea, 

end  6  is  the  angle  between  and  the  [100]  axis  as  the  crystal  is  ro¬ 
tated  about  a  [110]  axis. 

This  resonant  frequency  variation  which  is  due  to  magnetocrystalline 
anisotropy  depends  on  the  type  of  crystal  structure  and  on  the  orienta¬ 
tion  of  the  crystal  axes  with  respect  to  the  dc  magnetic  field.  Formulas 
for  the  resonant  frequency  have  been  given  for  several  other  different 
crystal  structure  types  by  Yager,  et  al.,^  Kittel,^  and  Artman.*^ 

The  variation  of  the  resonant  field  with  crystal  orientation  has 
been  suggested  as  a  way  to  obtain  synchronous  tuning  of  three  or  more 
resonators  where  the  center  resonators  are  exposed  to  different  boundary 
effects  than  those  to  which  the  terminal  resonators  are  exposed.** 


D.  MAGNETICALLY  TUNABLE  FILTERS  USING  WAVEGUIDE 
COUPLING  CIRCUITS 

1.  Typical  Structure— The  most  promising  structure,  from  the  stand¬ 
point  of  achieving  a  minimum  biasing  magnet  air  gap  and  high  off-channel 
isolation,  appears  to  be  overlapping  waveguides.  Figure  III  D-1  shows 
an  example  of  this  type  of  structure,  which  employs  two  resonators 
in  waveguides  having  parallel  axes.  A  slot  in  the  common  wall  between 

STCssto  wavcawoe  twsns- 


AXML  COUSUNS  StOT  IN 
coswiow  waLL  KTwttN  omott 


FIG.  Ill  D-1  TWO-RESONATOR  FILTER  USING  OVERLAPPING  WAVEGUIDE  CONSTRUCTION 


39 


the  two  guides  ia  used  to  provide  coupling  between  the  resonatora;  the 
alot  ia  oriented  parallel  to  the  axia  of  the  guides  in  order  to  give 
■axiaium  isolation  off  resonance.  In  order  to  increase  the  coupling  be¬ 
tween  the  waveguides  and  the  spheres,  reduced-height  waveguide  is  used 
in  the  region  of  the  spheres,  and  step-transformers  are  used  to  provide 
a  good  impedance  match  into  the  reduced-height  guides. 


FIG.  Ill  0-2  TWO-RESONATOR  FILTER  USING  OVERLAPPING  GUIOES  AT 
RIGHT  ANGLES  TO  ACHIEVE  HIGH  REJECTION 


Another  possible  structure  is  the  crossed  waveguide  arrangement 
shown  in  Fig.  Ill  D-2.*  A  circular  hole  in  the  dividing  well  near  the 
short-circuited  ends  of  the  guides  provides  coupling  between  both  HF 
magnetic  moments  of  the  resonators.  At  the  same  time  the  crossed  wave¬ 
guide  arrangement  eliminates  the  magnetic  component  of  the  coupling 
between  the  waveguides.  Some  small  residual  coupling  between  the  wave¬ 
guides  due  to  electric  fields  may  be  expected. 

Additional  resonators  may  be  incorporated  in  both  of  the  above 
structures.  This  can  be  accomplished  by  placing  these  additional  reso¬ 
nators  in  the  coupling  region  between  the  resonators  shown  in  Figs.  Ill D- 1 
and  III  U-2,  at  the  same  time  making  the  coupling  iris  thicker  to  pro¬ 
vide  the  required  spacing  between  the  resonators. 


Thii  •traetar*  aas  aasgattad  by  aaa  of  tha  aatkora  (P.  Cartar),  aad  K.  R.  Spaaganbarx  aaj  N.  W.  FaSaric 
af  Pbyaieal  Elactraaica  tabaratariaa,  Eaat  Pala  AUe,  Califoraia. 
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FIG.  Itl  D-3  Q  vt.  SPHERE  DIAMETER  OP  SPHERICAL  YIG  RESONATOR 
LOCATED  AT  EQUIVALENT  SHORT-CIRCUIT  POSITION  IN 
SHORT-CIRCUITED  TE,o  RECTANGULAR  WAVEGUIDE 


2.  0^  Curvet  for  Filters  Employing  Waveguide  Coupling  Structures  — 

The  design  of  the  wereguide  coupling  circuit  for  the  input  and  output 
resonators  is  carried  out  using  the  curres  shown  in  Fig.  Ill  D-3  which 
giro  the  values  df  as  a  function  of  spherical  resonator  diasieter  for 
various  standard  rectangular  waveguides.  These  curves  were  calculated 
froB  foraulas  given  in  a  previous  report,*  for  the  case  where  the  sphere 
is  located  at  the  center  of  the  waveguide  and  close  to  the  short-circuited 
end. 

These  curves  can  be  used  to  obtain  when  TE|Q-niode  rectangular 
guides  of  other  than  standard  height  are  used,  by  applying  the  following 
siaple  transforaation: 

• 

Tb*  rMMMer  My  alto  ba  aa  iatafral  aaiBar  of  balf-oaTalaastha  away  (roo  tka  abort -circait.  For  broad 
kaaiaf  raafoa,  baoarar,  tba  yoaitioa  eloaa  to  tho  abort.cireait  ia  probably  daairabla. 
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where 

Q‘  ■  Externel  Q  in  working  guide 

■  Externel  Q  of  etenderd  guide,  fron  Fig.  Ill  D-3 
b*  ■  Height  of  working  guide 
b  "  Height  of  etenderd  guide. 

The  curvee  cen  eleo  be  ueed  for  ell  different  ehepee  of  ellipeoidel 
reeonetore.  An  equivelent  ephere  dieneter  0*  ie  ueed  to  replece  where 

D*  -  2(obc)*'*  (III  0-2) 

in  which  a,  b,  end  c  ere  the  eeni-exee  of  the  ellipeoid. 

The  curvee  ere  ueed  for  meteriele  other  then  YIG,  e.g.,  Ga-YIG,  by 
■eena  of  the  following  foraule 

IfVIG 

<?®*  -  - X  Q’'*®  (III  0-3) 

•  uOM  * 

where 

•  Externel  Q  with  YIG,  froM  Fig.  Ill  0-3 

Q®*  ■  External  Q  of  Material  other  then  YIG 

■  Saturation  aagnetiiation  of  YIG  (1750  geuaa  at 
rooa  teapereture) 

r  ■  Saturation  Magnetisation  of  other  Material. 

When  the  input  and  output  waveguidea  have  been  designed  to  give  the 
desired  response  and  insertion  loss,  the  filter  is  assenbled.  The  di- 
nensions  of  the  coupling  slot  are  adjusted  experinentally  to  give  the 
desired  degree  of  coupling  between  the  resonators. 

The  diMensions  of  the  coupling  slot  that  are  required  for  a  given 
value  of  coupling  coefficient  k  depend  on  the  spacing  between  the  reso¬ 
nators  and  the  sise  of  the  resonators.  Generally  it  is  desirable  to 
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■pace  the  reaonetora  as  far  apart  aa  poaaible  in  order  to  minimize  spu- 
rioua  reaponaea.  Thia  procedure,  however,  leads  to  a  large  coupling 
■lot  and  conaequently  to  a  lower  off>channel  rejection.  A  trade>off 
(deternined  largely  by  experimental  procedurea^  ia  therefore  necessary 
between  high  off-channel  rejection  and  apurioua  reaponae. 

The  aide-effecta  of  the  preaence  of  the  coupling  iria  in  the  common 
waveguide  wall  between  the  two  reaonetora  are:  (1)  to  cauae  the  values 
of  to  be  higher  than  thoae  which  are  shown  in  Fig.  Ill  D-3,  and  (2) 
to  cauae  to  be  higher  than  that  which  is  measured  when  the  coupling 
iria  ia  not  present.  The  practical  consequence  of  the  existence  of 
these  two  aide-effects  of  the  coupling  slots  ia  to  require  some  addi¬ 
tional  experimental  adjustment  of  the  waveguide  and/or  resonator  dimen¬ 
sions.  Experience  haa  shown  that  around  2S-percent  increase  in  the 
value  of  ia  obtained  with  typical  coupling-slot  configurations. 

3.  Design  Example  of  a  Waveguide  Filter— A  design  ia  presented 
below  which  demonatratea  the  application  of  the  above  principles  to  the 
specification  of  the  perametera  for  a  filter  with  YIG  resonators  to 
operate  in  the  frequency  range  8.8-12.3  Gc.  The  requirements  of  thia 
tunable  filter  ere  specified  to  be  as  follows: 

/,-/,■  42  Me 

Q,  •  2000 

Reaponae  shape— Tchebyacheff,  0.2-db  ripple 
Attenuation  at  190  Me  from  center  frequency  ■  30  db 
Tuning  range — 8.8  to  12.3  Gc. 

The  pass-band  center  frequency,  /g,  varies  as  the  filter  is  tuned 
magnetically,  so  that  it  ia  necessary  to  choose  for  design  purposes  a 
mean  value  of  /g  somewhere  in  the  middle  of  the  tuning  range.  A  rea¬ 
sonable  choice  is  the  geometric  mean  of  the  limits  of  the  tuning  range 
/g  ■  /BT8(12.y)  ■  10.4.  ffe  determine,  using  standard  data  for  reaponaea 
of  loaaleaa  filters,  that  two  resonators  are  needed  to  meet  the 
bandwidth  specification.  The  estimated  mid-band  dissipation  loss  ia 
determined  from  Eq.  (Ill  B-4),  inserting  the  low-paaa  prototype 
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parameters  (g^)  for  a  two-pole  low-paaa  filter  with  0.2-<lb  ripple 

8i  ■  1-0378,  g]  •  0.6745,  gj  ■  1.5386).  Assuming  ■  2000, 
and  inserting 


w 
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10,400 


0.00405 


into  Eq.  (Ill  B-4),  we  get  a  value  of  dissipation  loss  ■  0.9  db.  The 
external  Q'a,  >nd  ond  the  coupling  coefficient  hu  cal¬ 

culated  from  Eqa.  (Ill  B-1)  and  (III  B-2)  are, 

-  «?.),  ■  256 

h,2  -  0.0049 


Figure  III  D-3  is  used  to  obtain  the  dimensions  of  the  waveguide 
and  the  YIG  resonators.  Using  full-height  Jf-band  waveguide,  we  see  from 
the  X-band  10-Gc  line  on  the  graph  that  in  order  to  obtain  a  value 
of  256,  as  desired,  spheres  of  about  0.090-inch  diameter  would  be  re¬ 
quired  if  standard-height  guide  is  used.  Experience  has  shown  that  such 
large  spheres  will  be  very  vulnerable  to  higher-order  magnetostatic 
modes  if  operated  at  Y-band.  These  modes  result  in  spurious  responses, 
which  can  be  quite  objectionable.  For  this  reason  let  us  consider  the 
use  of  Y-band  guide  with  one-quarter  of  the  standard  height  (i.e.,  with 
b*  -  0.25  X  0.400  -  0.100  inch).  Then  by  Eq.  (Ill  D-1)  we  wish  to  find 
the  sphere  diameter  on  the  chart  corresponding  to  ■  Q',b/b'  ■  256  * 
(0.400/0.100)  -  1024  From  the  Jf-band  10-Gc  line  in  Fig.  Ill  D-3  we 
find  that  this  height  of  guide  requires  0.056-inch  diameter  YIG  spheres. 
In  order  to  allow  for  the  effect  of  the  adjacent  slot  on  this  sphere 
should  be  increased  a  little  in  site,  say  to  about  0.060  inch.  A  sphere 
of  this  site  should  be  considerably  less  vulnerable  to  higher-order 
magnetostatic  mode  activity,  and  this  is  a  reasonable  site  to  use.  In 
order  to  match  between  the  standard  height  and  quarter-height  guides  a 
step  transformer  should  be  used  as  shown  in  Fig.  Ill  D-1. 

If  the  YIG  spheres  are  very  close  together,  the  presence  of  one 
sphere  will  distort  the  biasing  ff-field  of  the  other,  and  vice  versa. 

For  this  reason  in  this  design  it  is  desirable  that  the  metal  wall 
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between  the  two  apherea  be  fairly  thick  (say,  of  a  thickneaa  roughly 
equal  to  or  greater  than  the  diameter  of  the  apherea),  in  order  to  give 
adequate  aeparation  between  the  apherea.  A  wall  thickneaa  of  0.060  inch 
would  be  a  reaaonable  choice  in  thia  caae.  The  coupling  alot  between 
the  apherea  in  Fig.  Ill  D*1  ahould  have  a  length  of  aeveral  timea  the 
diameter  of  the  apherea  (aay,  0.240  inch  in  thia  caae)  and  a  trial  width 
of  leaa  than  the  diameter  of  the  apherea  (aay,  0.040  inch  in  thia  caae). 
After  the  filter  ia  aaaembled,  the  coupling  alot  between  apherea,  by 
cut  and  try  procedurea,  haa  ita  width  increaaed  until  the  deaired  cou¬ 
pling  ia  obtained.  The  initial  caae  with  a  0.040-inch  wide  coupling 
alot  will  almoat  aurely  give  an  under-coupled  reaponae,  i.e.,  the  re- 
aponae  will  have  one  point  of  minimum  attenuation  and  will  have  appre¬ 
ciable  reflection  loaa  at  that  frequency.  Aa  the  alot  ia  made  wider  the 
reflection  loaa  at  the  minimum  attenuation  point  will  become  leaa  until 
a  perfect  match  ia  obtained  at  midband  (except  for  a  amall  VSWR  due  to 
circuit  loaa).  If  the  alot  ia  widened  further,  an  over-coupled  reeponae 
will  reault,  t.e.,  there  will  be  two  pointa  of  minimum  attenuation. 

Since  a  0.2-db  Tchebyacheff  ripple  waa  apecified,  the  alot  ahould  be 
widened  until  auch  a  ripple  ia  obtained.  Thia  cut-end-try  procedure  ia 
moat  eaaily  carried  out  uaing  a  ref lactometer  and  a  awept  generator. 

If  a  waveguide  device  of  bandwidth  greater  than  a  normal  waveguide 
bandwidth  ia  deaired,  a  poaaible  approach  would  be  to  uae  dielectric- 
alab-loaded  guide^ in  the  input  and  output  aectiona.  Thia  may  be  pref¬ 
erable  to  ridge  guide  aince  ridge  guide  would  require  a  larger  magnet 
air  gap. 

E.  STHIP-TRANSMISSION- LINE-COUPLED  FILTERS 

I.  A  Single-Rttonator  Filter  Con/ iguret ton— Figure  III  E-l(a) 
ahowa  a  configuration  which  hea  been  applied  quite  widely  to  the  deaign 
of  aingle-reaonator  magnetically  tunable  filtera  and  limitera.  The 
diatance  from  the  iuteraection  of  the  atrip-tranamiaaion-line  center 
conductore  to  the  abort-circuit  ahould  be  made  aa  ahort  aa  poaaible  to 
minimiae  the  electric  coupling  between  the  two  tranamiaaion  linea.  Note 
that  the  two  atrip  linea  are  at  right  anglea  to  each  other  in  order  to 
maximiae  the  of f-reaonance  attenuation. 
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KCTION  KCTION  A  — a' 

(«)  TOR  AND  NOTTOM-WALL  COUFLtO  FILTER 


C'Sfttt* ••• 


FIG.  Ill  E-1  SOME  USEFUL  CONFIGURATIONS  FOR  YIG  FILTERS  HAVING  STRIP  LINE 
INPUTS  AND  OUTPUTS 


2.  Mult iple -Resonator  Filter  Conf igurat ions —Figures  III  E-l(b), 

(c)  and  (d)  show  multiple*resonator  filter  configurations  which  have 
been  operated  in  the  S-band  (2*4  Gc)  range.  The  side-wall*coupled  ver* 
sions  in  Fig.  Ill  E-l(b)  and  Fig.  Ill  E-l(c)  have  the  advantage  that 
they  require  a  minimun  air  gap  distance  over  which  the  dc  magnetic 
biasing  field  ia  applied.  The  top*and*bottom-wall*coupled  filter  shown 
in  Fig.  Ill  E-l(d)  has  an  advantage  that  good  coupling  can  be  obtained 
between  resonators  without  moving  them  to  the  edges  of  the  strip  lines 
(which  might  help  to  excite  higher-order  magnetostatic  modea).  A  ver¬ 
sion  of  this  top-and-bottom-wall-coupled  filter  exhibited  good  insertion- 
loss,  bandwidth,  and  off-channel  rejection  performance.^  This  configu¬ 
ration  does,  however,  require  a  larger  magnet  air  gap  and  probably  might 
consume  more  electromagnet  power  than  the  side-wall-coupled  version. 

3.  Design  of  YIG  Filters  with  Strip-Line  Inputs  and  Outputs — The 
initial  steps  in  the  design  of  strip-transmission- line-coupled  filters 
are  the  same  as  those  used  with  waveguide-coupled  filters.  The  resonator 
material  ia  chosen  on  the  basis  of  the  minimum  tuning  frequency  using 
Fig.  Ill  C-1,  as  explained  in  Sec.  III-C.  The  values  of  ((?,  )4  und  ((?,  )| 
are  obtained  from  Eq.  (Ill  B-1).  Some  allowance  is  made,  as  in  the  wave¬ 
guide  case,  for  the  effect  of  the  coupling  slot,  which  usually  causes 

to  be  higher  than  the  theoretical  value.  , 

The  strip-transmission-line  dimensions  are  then  determined  which 
give  the  required  values  of  (Q, *nd  ((?,)(•  The  first  step  is  to  obtain 
the  spacing  d  between  the  strip  center  conductor  and  the  ground  plane, 
and  the  resonator  diameter  D^.  Figure  III  E-2  gives  theoretical  data 
from  which  the  required  spacing  d can  be  determined  for  a  given  spherical 
resonator  diameter,  where  the  strip  line  is  of  50  ohms  impedance.  In 
general  it  ia  desirable  to  keep  the  ratio  of  the  resonator  diameter  to 
the  spacing  d  as  small  as  possible  in  order  to  minimiae  the  deleterious 
effect  of  the  conducting  surfaces  on  Q^.  However,  in  order  to  obtain 
adequately  low  values  one  cannot  make  the  ratio  D^/d  too  small. 


TkU  iaatativv  cwMlwiwi.  that  tha  aila-aall-ovaplaS  varaiea  aoaM  raaaira  laaa  hiaa  a^aat  rawr 
thaa  tha  taa-aal-hattaa-vall-eaasM  varaiaaa  ia  haaa4  aa  tha  fallwiaa  raaaoaias.  Althaaah  tha  valaaa 
aaaaaiad  hy  tha  raaaaatara  ia  aaftaaiaatalv  tha  aaaa  lar  hath  filtar  eaafiaaratioaa,  thara  aitl  ha  aara 
aaaVBT  raaairad  to  hiaa  tha  tawaaS-hattaa-vall-eaasM  varaiaa,  haeaaaa  af  tha  aahataatial  aeaaat  af 
liala  aaarfy  atora4  ia  friasiaf  fialSa,  oataida  tha  rafiaa  hataaaa  tha  yola  facaa. 


47 


FIG.  Ill  E-2  Q,  vt.  SPHERE  DIAMETER  FOR  SPHERICAL  YIG  RESONATOR 
IN  SYMMETRICAL  STRIP-TRANSMISSION>LINE 
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For  the  configuration  Fig.  Ill  E>l(b),  the  remaining  strip* 
tranaiaisaion* line  dimensions  5|/2,  S2/2,  and  If,  shown  in  Fig.  Ill  E-3, 
are  determined  from  charts  of  fringing  capacitance  given  by  Getsinger.^ 
The  thickness,  t,  of  the  line  is  chosen  as  small  as  possible  to  minimize 
these  fringing  capacitances.  Also,  S2/2  is  chosen  to  be  large  enough 
so  that  further  increasing  this  dimension  does  not  appreciably  decrease 
the  fringing  capacitance  Cjp  which  it  contributes.  Similarly,  a  value 
of  S^/2  which  does  not  add  an  excessive  amount  of  fringing  capacitance 
Cjg  compared  to  the  total  line  capacitance  is  chosen.  The  width  If 
is  calculated  from  the  following  formula: 


(III  E-I) 


in  which  £  is  the  dielectric  permittivity  of  region  between  renter 
conductor  and  shield,  and  b  is  the  ground  plane  spacing. 
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4.  Design  Example  of  a  Two^ 
Besonator  Strip-Transmiss ion-Line- 
Coupled  Filter  —  Suppose  that  the 
following  characteristics  are  required 
of  a  two-reaonator  filter: 

Tuning  range  — 2  Gc  to  4  Gc 

Bandwidth  between  3-db  attenuation 
frequencies  —  20  Me 

Type  of  response — Maximally  flat 

Type  of  structure — Side-wall- 
coupled  resonators. 

From  Eq.  (Ill  B-1) 


b  •  0.2312  in. 
S|/2  •  0.100  in. 
S,/2  •  0.02S  in. 


I  •  0.0112  in. 
w  ■  0.251  in. 

n-Hir-tM 


FIG.  Ill  E-3  LINE  DIMENSIONS  USED  IN 
INPUT  AND  OUTPUT 
SECTIONS  OF  SIDE-WALL- 
COUPLED  RESONATOR 
FILTER 


1  X  1.414  X  1 
0.0071 


202 


where 


/o 


20 

2820 


0.0071 


/q  ■  2820  Me  is  the  geometric  mean  of  the  limits  of  the  tuning  range  * 
✓2d()0  X  406o.  From  Eq.  (Ill  B-3), 


k 


12 


V 


0.0071 

1  X  /(I. 414)* 


0.00495  • 


fc|]  is  realised  experimentally  by  adjustment  of  the  dimensions  of  the 
coupling  iris. 

The  resonator  material  is  chosen  using  the  requirement  that  the 
minimum  center  frequency  is  2  Gc.  From  Fig.  Ill  C-1  a  maximum  of 

2150  gauss  for  a  spherical  resonator  is  seen  to  be  allowable.  Yttrium- 
iron-garnet  •  1750  gauss)  satisfies  this  requirement;  furthermore 

its  unloaded  Q,  is  quite  high  at  frequencies  as  low  as  2  Gc  (see 
Fig.  Ill  C-2).  We  then  obtain  the  strip-transmiasion  line  center- 
conductor-to-ground-plane  spacing  from  Fig.  Ill  E-2  using  Q|  ■  150  in 
order  to  allow  for  a  33  percent  increase  due  to  the  effect  of 
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the  coupling  irie.  We  choose  the  following  combination  of  resonator 
diameter  and  ground-plane  spacing: 


■  0.074  inch 

d  *  0. 110  inch 


We  follow  the  procedure  outlined  in  Sec.  Ill  E-2  for  calculating 


the  strip-tranaaiission-line  dimens 

t 

S,/2 
S,/2 
b  -  2d  +  t 

These  choices  give  the  following  v 


e 


Inserting  these  values  in  Eq.  (Ill 

f  - 


ons.  We  choose 

■  0.011  inch  (f29  gauge) 

*  0.025  inch 

■  0.100  inch 

■  0.2312  inch 

lues  of  the  fringing  capacitances 

1.1 

0.56 

E-1)  we  get 
0.231  inch 


The  final  cross-sectional  dimensions  of  the  strip-transmission-line 
coupling  section  are  given  in  Fig.  Ill  E-3. 

F.  CONSTRUCTION  AND  TESTING  OF  AN  EXPERIMENTAL  STRIP- 
TRANSMISSION-  LINE  -COUPLED  FILTER 

I.  Conttruct ion — The  design  example  given  in  Part  E  was  used  to 
construct  an  experimental  two-resonator  filter.  Figure  III  F-1  shows 
the  iaiportant  dimenaiona  and  arrangement  of  elementa  in  the  filter. 
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FIG.  Ill  F-1  SIDE-WALL-COUPLED  FILTER 


The  two  0.074- inch  diameter  YIG  resonators  were  attached  to  two 
tuning  rods  as  shown  in  Fig.  Ill  F-1.  The  tuning  rods  were  attached 
along  a  [llO]  axis  of  each  YIG  crystal,  using  the  orientation  technique 
described  in  a  previous  reference. ^ 

The  strip-transmission- line  input  and  output  sections  were  con¬ 
structed  so  (hat  the  filter  could  easily  be  disassembled  for  modifica¬ 
tion,  such  as  changing  the  dimensions  of  the  coupling  slot  or  replacing 
the  resonators  with  different  materials  and  resonator  sites.  With  this 
type  of  construction,  i.e.,  using  a  demountable  coupling  plate,  the 
filter  could  easily  be  modified  to  construct  the  three- resonator  filter 
which  is  described  in  Part  G. 
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2.  Tuning  of  the  Tiuo-Hesonator  Filter— In  two- resonator  filters 
such  as  the  ones  that  have  been  described  in  previous  reports,  the  reso¬ 
nators  were  synchronously  tuned  by  lining  them  up  with  their  easy  axes 
of  magnetisation  parallel  to  the  dc  magnetic  field.  In  the  case  of  the 
two-resonstor  filter  the  boundary  conditions  "seen”  by  two  identical 
resonators  are  the  same  to  within  the  tolerances  of  the  dimensions  of 
the  strip-transmission  lines  end  coupling  iris.  The  difference  in  the 
resonant  frequencies  of  the  two  resonators  is  kept  to  within  2  or  3  Me 
by  using  ordinary  machining  tolerances.  In  the  case  of  the  three- 
resonator  filter  (to  be  discussed  later),  the  center  resonator  sees 
different  boundary  conditions  from  those  seen  by  the  end  resonator,  and 
therefore  it  requires  some  tuning  compensation.  It  is  for  this  reason, 
i.e.,  to  provide  a  means  for  tuning  the  three-resonator  version  of  this 
filter,  that  tuning  rods  were  attached  to  the  input  and  output  reso¬ 
nators  of  this  two-resonstor  filter. 

The  tuning  procedure  for  the  two-resonator  filter  is  as  follows: 
First,  one  of  the  resonators  is  removed  from  its  mounting  in  the  filter. 
The  filter  is  assembled  and  operated  as  a  single-resonator  filter  in 
which  the  output  is  very  loosely  coupled  to  the  resonator,  through  the 
coupling  iris.  The  resonator  is  rotated  while  at  the  same  time  the 
output  of  the  filter  is  observed,  keeping  the  frequency  constant.  At 
each  position  of  the  rotation  of  the  resonator  a  value  of  dc  magnetic 
field  is  found  at  which  maximum  output  of  the  filter  occurs.  The  re¬ 
sults  of  this  procedure  can  be  represented  by  a  tuning  curve  such  as 
the  one  shown  in  Fig.  Ill  C-3.  The  absolute  values  of  the  dc  magnetic 
field  required  to  tune  the  filter  will  be  somewhat  lower  than  those 
shown  in  Fig.  Ill  C-3  since  the  data  in  Fig.  Ill  C-3  were  taken  in  full- 
height  waveguide  and  do  not  include  the  field-lowering  effects  of  the 
nearby  conducting  walls  of  the  filter. 

The  tuning  rod  is  now  adjusted  to  give  a  value  of  dc  magnetic  field 
which  is  about  half  way  between  the  minimum  and  maximum  values.  The 
second  resonator  is  now  mounted  in  the  filter  and  rotated  until  maximum 
output  is  obtained.  The  alignment  procedure  was  carried  out  at  3.0  Gc. 
This  tuning  frequency  was  used  in  order  that  any  departure  from  syn¬ 
chronous  tuning  of  the  two  resonators  will  be  minimised  in  the  2-  to 
4-Gc  range.  It  should  be  noted  that  when  the  filter  is  mounted  within 
a  magnet  that  the  direction  of  the  biasing  H  field  must  be  accurately 
the  same  as  when  the  filter  is  tuned  or  the  resonators  may  became  detuned. 
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3.  Discuss  ion  of  Experimental  Results  —  Eigurea  Ill  K-2  and  III  F*3 
show  the  retponae  curves  of  the  filter  when  it  was  tuned  successively  to 
three  different  center  frequencies,  2.000  Gc,  3.000  Gc,  and  4.000  Gc. 
Table  III  F-I  gives  some  of  the  other  filter  parameters,  which  are  dis¬ 
cussed  in  more  detail  below. 


Table  III  F- 1 

MEASURED  AND  CALCULATED  CHARACTERISTICS 
OF  T«K)- RESONATOR  SIDE- WALL- COUPLED  FILTER 


(Ge) 

(db) 

VSWR^ 

(CALCULATED 
mOH  MEAS¬ 
URED  DATA) 

‘l2 

(CALCUUTED) 

"o 

(etrstadt  > 

^*3  db 
(He) 

^30  db 
(Me) 

2.000 

4.0 

1.9 

714.7 

26 

117 

3.000 

1.2 

1.01 

ISOO 

0.00472 

1070 

20 

113 

212 

4.000 

1.0 

1.48 

2050 

0.00424 

1427 

25 

121 

236 

* 

TIm  baad«idtb«  fi««A  tr#  to  tbo  3>db  or  30*db  poioto  boleo  ^4^11^11* 


Single-peaked  responses  (see  Fig.  Ill  F-2)  were  obtained  at  /g  " 

3.000  Gc  and  4.000  Gc.  The  VSWRs  at  these  two  center  frequencies  are  1.01 
and  1.48  respectively,  indicating  that  the  coupling  was  nearly  critical 
and  giving  a  maximally  flat  response.  Note  that  a  double-peaked  response 
was  obtained  at  2  Gc. 

The  experimental  response  data  around  band  center  were  used  to  cal¬ 
culate  the  Q,  of  the  resonators,  assuming  that  the  Q,’a  are  equal,  and 
that  the  frequency  response  shape  is  maximally  flat.  The  values  of 
calculated  from  the  response  are  shown  in  Table  III  F-1  and  also  in 
Fig.  Ill  C-2. 

The  of  the  resonators  in  this  structure  compares  favorably  with 
the  of  the  aame  pair  of  resonators  when  they  were  mounted  in  the  over¬ 
lapping  line  strip-transmiaaion- line  filter  previously  reported.^  These 
values  of  for  the  overlapping  construction  were  also  shown  in  Fig.  Ill  C-2. 
That  filter  had  a  0.095-inch  apacing  between  the  atrip  center-conductor 
and  the  ground  plane.  Gne  might  have  expected  a  higher  to  be  obtained 


It  wM  Bbovii  in  ■  prtvioM  rvport  <••€  Tubl*  ll-l  of  Rof.  24)  thot  the  of  these  two  resoeetoro  ere 
eppreeiieetely  e^el. 
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FIG.  Ill  F-2  PASS-BAND  CHARACTERISTICS  OF  THE  TWO- 
RESONATOR  FILTER  IN  FIG.  Ill  F-1 
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PIG.  Ill  F-3  STOP  BAND  CHARACTERISTICS  OF  THE  TWO-RESONATOR  FILTER  IN 
FIG.  Ill  F-1 

with  the  preaent  greater  center-conductor-to-ground-plane  apacing 
(0.110  inch).  Such  waa  not  the  caae,  however;  the  relative  lower in  the 
preaent  aide-wall-coupled  veraion  may  be  due  to  the  cloae  proximity  of  the 
dividing  wall  above  the  coupling  alot  and  alao  to  the  fact  that  the  cou¬ 
pling  alot  in  the  overlapping  line  veraion  waa  cut  in  the  ground-plane 
directly  beneath  the  reaonator.  It  waa  ahown^  on  the  overlapping-line 
filter  that  the  effect  of  the  coupling  alot  in  thia  poaition  waa  to  in- 
creaae  the  valuea  ofQ^  to  about  30  percent  greater  than  thoae  obtained 
when  the  coupl ing  alot  waa  replaced  with  amooth  conducting  ground-plane. 

Thia  aide-wall-coupled  filter  haa  a  narrower  paaa  band  and  a  lower 
inaertion  loan  than  the  previoualy  reported  aide-wall -coupled  filter.** 
Part  or  all  of  the  improvement  in  midband  attenuation  may  be  due  to 
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the  fact  that  one  of  the  reaonatora  uaed  in  the  previous  filter  had  a 
lower  than  either  of  the  two  reaonatora  used  in  this  filter. 

The  off-channel  rejection  at  60  Me  below  band  center  at  2.0  Gc, 

3.0  Gc,  and  4.0  Gc  center  frequenciea  is  41  db,  40  db,  and  33.5  db,  re- 
apectively.  Thia  amount  of  rejection  would  be  quite  uaeful  for  an  image 
responae  auppreaaion  in  a  tunable  microwave  receiver  which  had  a  30  Me 
IF  frequency. 

A  aingle  apurioua  response  occurs  at  a  frequency  which  is  760  Me 
below  the  band  center.  This  spurious  response  has  recently  been  identi¬ 
fied  with  considerable  certainty  to  be  due  to  the  resonance  of  the  210 
magnetostatic  mode.  The  procedure  used  for  identifying  this  mode  is 
useful  since  in  this  case,  and  possibly  in  others,  it  suggests  a  method 
by  which  the  spurious  response  may  possibly  be  eliminated.  The  identi¬ 
fication  is  based  on  a  comparison  between  the  dc  magnetic  fields  required 
to  resonate  the  uniform  precession,  i.e.,  the  mein  response,  and  the 
higher-order  mode  spurious  response.  The  theoretical  values  of  these 
resonating  fields  have  been  calculated  for  many  of  the  magnetostatic 
modes  of  a  ferrimagnetic  sphere  and  mode  charts  have  been  plotted  which 
are  useful  for  mode  identification. ^ 

The  field  required  to  resonate  the  uniform  processional  resonance 
mode  is  strongly  influenced  by  the  presence  of  the  conducting  boundaries 
of  the  strip  transmission  line.  The  same  influence  affects  the  resonating 
fields  required  for  the  higher  order  magnetostatic  modes.  This  effect 
makes  the  identification  of  the  modes  from  the  absolute  values  of  the 
resonating  fields  rather  difficult.  We  note,  however,  in  Fig.  Ill  F-3 
that  the  difference  in  frequency  between  the  main  reaonsnee,  i.e.,  band 
center,  end  the  most  prominent  spurious  response  is  constant,  and  equal 
to  760  Me.  If  we  examine  a  magnetostatic  mode  chart  of  the  type  published 
by  Fletcher^  we  observe  that  the  210  mode  is  approximately  650  Me  away 
from  the  uniform  precessional  resonance  mode  for  a  lero-anisotropy  ferrite. 
The  110  Me  discrepancy  might  be  explained  by  boundary  effects,  by  anisot¬ 
ropy  or  by  a  combination  of  both.  Further  evidence  that  this  210  mode 
identification  is  correct  is  obtained  (1)  from  a  study  of  the  dc  magnetic 
fields  required  for  resonance  with  fixed  frequency,  and  (2)  from  a  study 
of  the  distribution  of  RF  magnetisation  in  the  auspected  mode.  For  a 
study  of  the  fields,  data  from  Fig.  IV  E-2  of  Ref.  8  is  used.  Table  III  F-2 
gives  values  of  the  fields  ff^****^  and  ffg^****  at  the  peaks  of  the  main 
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ruble  in  F-2 

l)C  MAGNETIC  BIASING  FIELDS  AT  MAIN 
AND  SPUHIOUS  RESPONSE  PEAKS 
Date  taken  fro*  Fig.  IV  E-2  of  Ref .  8 


fo 

(Ge) 

„(U0) 

"o 

1,(310) 

"o 

(oarstad* ) 

m(210)  _  „(110) 

"o  "o 

(oaratada ) 

2.100 

470 

730 

260 

3.100 

780 

1025 

245 

3.900 

1080 

1290 

210 

response  end  strongest  subsidiary  response,  respectively,  of  the  side* 
«sll*coupled  filter  discussed  in  Ref.  8.  The  theoreticsl  value  of 
^(2 1 0 ) _ ^( 1 1 0 )  23S  oersteds,  and  is  independent  of  the  frequency  and 

of  the  anisotropy.^  This  value  compares  quite  closely  to  the  experi¬ 
mental  values  in  Tsble  III  F-2. 


Figure  III  F-4  is  a  cross  section  of  s  f errimsgnetic  sphere  showing 
the  distribution  of  the  component  of  RF  magnetisstion  of  the  210  mode. 
The  RF  magnetisation  is  circularly  polarised,  i.e.,  ■  jm^  and  there 

is  no  variation  of  either  or  in  the  x  or  y  directions.  The 
RF  magnetisstion  is  a  linear  function  of  the  vertical  distance  z  from 
the  equatorial  plane  of  the  sphere.  Excitstion  of  this  mode  could  there¬ 
fore  be  eliminsted  snd  this  spurious  response  svoided  by  locsting  the 
resonator  in  an  RF  driving  field  which  has  even  symmetry  with  respect 
to  the  equstorisl  plane.  One  way  to  achieve  this  would  be  to  use  s 
balanced  trensmission  line  type  of  coupling  structure,  where  the  reso¬ 
nator  was  mounted  between  the 
center  conductors,  as  shown  in 
Fig.  Ill  F-5.  This  type  of 
transmission- line  structure 
has  a  symmetry  plane  through 
the  center  of  the  structure 
snd  through  the  equatorisl 
plsne  of  the  resonstor.  The 
main  disadvantage  in  this  psr- 
ticulsr  structure  is  thst  it 
requires  the  use  of  a  very 
broad-band  balancing  network 


FIG.  Ill  F-4  DISTRIBUTION  OF  THE  RF 

MAGNETIZATION  IN  THE  210  MODE 
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FIG.  Ill  F-5  A  POSSIBLE  STRUCTURE  TO  ELIMINATE  THE 
210  MODE  SPURIOUS  RESPONSE 


to  transforiB  between  the  coexiel  line  input  end  the  balanced  atrip- 
tranaaiaaion  line  atructure.  One  such  balancing  network  haa  been 
reported. ^ 

The  bandwidtha  between  3-db  inaertion-losa  frequenciea  and  between 
60-db  inaertion- loaa  frequenciea,  which  are  Hated  in  Table  III  F-1, 
are  nearly  the  aaoe  at  all  three  center  frequenciea.  The  alightly 
larger  3>db  bandwidth  at  ■  2.0  Gc  nay  be  due  to  the  detuning  of  the 
reaonatora,  aa  diacuaaed  above.  It  is  not  well  understood  why  this 
constant  bandwidth  occurs,  since  it  requires  that  the  coupling  coeffi¬ 
cient  k|2  between  the  resonators  decrease  and  that  the  external  Q, 
increaae  by  equal  factors  as  the  center  frequency  is  increased,  i.e., 
that  «  constant.  As  the  frequency  is  increased,  the  strip- 

transniasion-line  conducting  boundaries  nust  exert  a  greater  shielding 
effect  on  the  resonator,  causing  it  to  couple  less  strongly  to  the 
center  conductor  and  also  to  couple  less  strongly  to  the  other  reso¬ 
nator  by  way  of  the  coupling  slot. 

The  values  of  the  external  which  are  obtained  by  calculation 
froai  the  Measured  responses  at  3.0  Gc  and  4.0  Gc  are  equal  to  212  and 
236  respectively.  These  Measured  Q, 's  coMpare  reasonably  well  with  the 
theoretical  value  ■  200  given  by  Fig.  Ill  E-2.  The  validity  of  the 
procedure  used  to  design  the  transnission  line  coupling  section  to  give 
a  designated  value  of  appears  to  thus  be  further  validated  by  the 
Measured  results  which  were  obtained  with  this  filter. 

The  attenuation  of  this  filter  at  frequencies  far  away  fron  the 
pass-band  center  frequency  depends  entirely  on  the  dinensions,  i.e., 
thickness,  length,  and  height  of  the  slot  in  the  side  wall  between  the 
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resonatori.  It  is  desired,  as  a  design  objective,  to  achieve  the  maxi- 
mua  attenuation  that  ia  possible  with  a  given  degree  of  coupling  between 
the  resonators.  If  we  examine  this  coupling  pioblem  we  see  that  the 
following  guidelines  may  be  followed  to  achieve  this  objective  of  high 
off-channel  attenuation: 

(1)  Make  the  slot  as  long  as  practical, 

(2)  Make  the  height  of  the  slot  as  small  as  possible  and 
the  thickness  as  large  as  possible, 

(3)  Place  the  resonators  as  close  to  the  slot  as  possible 
consistent  with  other  requirements,  namely,  spurious 
mode  suppression. 

The  reasoning  behind  the  first  two  guidelines  is  as  follows;  Up  to 
a  point,  lengthening  the  coupling  slot  will  increase  the  coupling  be¬ 
tween  the  spheres  with  relatively  little  effect  on  the  of f-psss-band 
attenuation.  The  coupling  slot  should  therefore  be  made  as  long  as  pos¬ 
sible  in  order  to  achieve  the  desired  inter-resonator  coupling.  The 
maximum  length  of  the  slot  is  limited  to  twice  the  distance  between  the 
center  of  the  resonator  and  the  short-circuit,  because  the  input  and 
output  lines  ere  brought  in  from  opposite  directions.  If  the  two  lines 
were  placed  side  by  side  with  their  inputs  at  the  same  end  of  the  filter, 
the  coupling  slot  could  be  made  even  longer  to  obtain  the  maximum  amount 
of  inter-resonstor  coupling  with  a  given  minimum  off-channel  rejection. 

The  shielding,  i.e.,  coupling  between  the  two  lines  can  be  inter¬ 
preted  in  terms  of  the  coupling  between  the  electric  or  magnetic  field 
lines  of  the  two  center  conductors.  It  is  apparent  that,  since  the 
resonator  is  directly  adjacent  to  the  coupling  slot  and  the  strip 
transmission  line  ia  above  the  resonator,  reducing  the  height  of  the 
slot  will  reduce  the  coupling  between  the  center  conductors  more  than 
it  reduces  the  coupling  between  the  resonators. 

Close  spacing  between  the  resonators  is  desirable  according  to 
Guideline  (3)  above  so  that  the  slot  can  be  made  thick  and  narrow  ac¬ 
cording  to  Guidelines  (1)  and  (2).  The  i nter- resonator  spacing  may  not, 
however,  be  reduced  below  that  spacing  which  starts  to  cause  excessive 
spurious  responses  or  which  starts  to  degrade  the  excessively. 

These  guidelines  in  the  design  of  the  coupling  slot  were  recognised 
and  followed  in  the  design  of  this  version  of  the  side-wall-coupled 
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filter.  Some  previous  experimental  study  of  the  effect  of  varying  the 
dimensions  of  the  coupling  slot  in  the  side>wal 1 -coupled  filter  has  al¬ 
ready  been  reported  which  confirms  these  guidelines. 

G.  DESIGN,  CONSTHUCTION,  AND  TESTING  OF  THREE- 
RESONATOR  FILTER 

Additional  resonators  are  often  required  in  band-pass  filters  in 
order  to  increase  the  rate  at  which  the  attenuation  increases  with  fre¬ 
quency  outside  of  the  pass  band.  The  addition  of  a  third  resonator  enhances 
this  “skirt  selectivity,”  as  it  is  sometimes  called,  considerably.  For  in¬ 
stance,  with  a  1-db  ripple  overcoupled  response,  the  ratio  of  the  30-db  bandwidth 
of  the  two-resonator  case  to  the  30>db  bandwidth  of  the  three-resonator  case  is 
4. 7:2. 3  ■  2.43.  This  increase  in  selectivity  is  often  gained  at  a  neg¬ 
ligible  coat  in  increased  pass-band  center- frequency  attenuation. 

1.  Design  and  Construction  of  Center  Resonator  Section — The  addi¬ 
tion  of  a  third  resonator  to  the  two-resonator  side-wall-coupled  filter 
configuration  was  accomplished  quite  simply  in  this  case  by  replacing 
the  two-resonator  filter  coupling  plate  with  a  center  section  containing 
the  center  reaonator.  The  end  result  was  to  convert  a  two-resonator 
structure  of  the  form  in  Fig.  Ill  E-l(b)  into  a  three-resonator  struc¬ 
ture  of  the  form  in  Fig.  Ill  E-l(c).  The  height  of  the  region  containing 
the  middle  resonator  was  made  the  same  as  the  spacing  between  the  strip 
lines  and  the  ground  planes.  In  this  manner  the  center  resonator  sees 
boundary  conditions  'very  similar  to  those  seen  by  the  end  resonators. 

The  thickness  of  the  plate  containing  the  center  resonator  was  chosen 
so  that  the  three  spheres  would  be  spaced  by  an  amount  approximately 
equal  to  the  spacing  between  the  spheres  in  the  two->resonator  design.  In 
this  psrticular . filter  this  gave  satisfactory  results  though  in  some 
cases  further  adjustment  of  the  sphere  spacing  might  be  desirable  in 
order  to  obtain  a  desired  response  shape.  As  shown  in  Fig.  Ill  G-1,  the 
length  of  the  region  containing  the  center  resonator  was  made  to  be 
0.400  inch,  the  same  as  the  length  of  the  coupling  slot  in  the  previous 
two- resonator  version  of  this  filter.  The  center  resonator  was  mounted 
on  a  0.062-inch  diameter  Rexolite  rod,  which  was  in  turn  inserted  through 
and  glued  to  a  brass  mounting  plug.  The  resonator  was  mounted  so  that 
its  [110]  crystal  axis  was  parallel  to  the  Rexolite  rod, ^  so  that  the 
resonator  could  be  tuned  in  the  same  manner  that  the  end  resonators  were 
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FIG.  Ill  G-1  CENTER  SECTION  OF  THREE-RESONATOR  FILTER 
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FIG.  Ill  G-2  PHOTOGRAPH  OF  THE  ASSEMBLED  THREE-YIG-RESONATOR 
FILTER  SHOWN  WITHOUT  A  MAGNET 


61 


tuned.  The  block  with  the  center  resonator  shown  in  Fig.  Ill  G>1  was 
used  to  replace  the  dividing  wall  and  coupling  slot  in  Fig.  Ill  F*!. 

The  asseabled  three>resonator  filter  is  shown  in  Fig.  Ill  G-2.  The  rod 
protruding  at  the  top  was  used  for  rotating  the  adjacent  end  resonator 
in  order  to  tune  it,  as  previously  discussed. 

2.  Tuning  of  Three -Aesonotor  Filter— The  following  procedure  was 
used  to  align  the  three  reaonatora  to  obtain  synchronous  tuning.  The 
center  resonator  was  reaoved  and  the  two  input  and  output  resonators 
were  rotated  on  their  tuning  rods  to  obtain  synchronous  tuning  at  a 
position  such  that  the  dc  aagnetic  field  required  was  approxinately 
■idway  between  the  niniaun  and  aaxinua  values  on  the  tuning  curve.  The 
condition  of  synchronous  tuning  was  deterained  by  aeasuring  the  inser¬ 
tion  loss  of  the  structure,  ainus  the  center  resonator,  as  a  function 
of  field.  The  circuit  gives  a  sharp  single-peaked  response  when  the 
two  resonators  are  synchronously  tuned;  otherwise  it  yields  a  double- 
peaked  response.  The  third  center  resonator  was  then  added  and  was 
tuned  until  a  three-peaked  response  resulted.  This  tuning  procedure 
was  carried  out  at  ■  3.0  Gc.  The  tuning  rods  were  thereafter  affixed 
securely  to  the  body  of  the  filter  with  the  epoxy  cenent. 

The  input  and  output  reaonatora  in  the  three- resonator  filter  were 
in  the  sane  position  that  they  occupied  in  the  two-resonator  filter. 

The  center  resonator  was  placed  in  the  niddle  of  the  filter  section. 

The  distance  between  the  centers  of  adjacent  resonators  was  therefore 
0.177  inch.  This  distance  is  alaost  exactly  the  sane  as  the  distance 
between  the  centers  of  the  resonators  of  the  two-resonator  filter. 

3.  Performance  of  Three-Beeonator  Filter— The  responses  of  the 
filter  were  Measured  at  several  center  frequencies  throughout  the  2.0- 
8.0  Gc  frequency  range.  These  perfornance  data  are  shown  in  Figs.  Ill  G-3 
and  III  G-4.  The  response  data  were  taken  in  all  cases  by  varying  the 
dc  biasing  field  while  keeping  the  frequency  constant.  By  this  neana 
the  problena  of  detector  calibration  and  variation  of  signal  generator 
output  over  a  wide  band  of  frequencies  were  avoided.  The  responses 
around  band  center  shown  in  Fig.  Ill  G-3  were  Measured  by  autoMstically 
sweeping  the  biasing  field  across  the  resonant  field  value  for  the  given 
signal  frequency.  The  output  of  the  crystal  was  fed  into  a  logarithnic, 
strip  recorder  which  had  a  40-db  dynanic  range.  Besides  neasureMenta 
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FIG.  Ill  G-3  ATTENUATION  vs.  BIASING  H-FIELD  FOR  THREE-YIG>RESONATOR 
FILTER  IN  FIG.  Ill  G-2 

Thvs*  curves  were  obtained  using  a  recorder  and  a  swept  magnet  power  supply 
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FIG.  Ill  G-4  THE  STOP-BAND  ATTENUATION  CHARACTERISTICS  vt.  BIASING  H-FIELD 
FOR  THE  FILTER  IN  FIG.  Ill  G-2 
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made  with  a  swept  magnetic  field,  meaeurementa  were  made  at  varioua 
frequencies  using  fixed  fields  in  order  to  accurately  determine  the 
frequency  bandwidtha  at  various  tuning  points  and  the  mid-paas-band 
attenuation.  These  data  are  shown  in  Table  III  G-1.  The  responses 
shown  in  Fig.  Ill  G-4  were  measured  as  the  field  was  varied  manually. 

No  attempt  was  made  to  measure  the  exact  shape  of  the  various  peaks  of 
the  main  and  spurious  responses;  the  purpose  of  these  plots  was  to  show 
their  position  and  intensity.  In  order  to  expedite  the  measurements  in 
Fig.  Ill  G*4  the  dc  magnetic  field  was  measured  with  a  rotating  coil 
gauaameter  (which  has  an  absolute  accuracy  of  only  a  few  percent). 


Table  III  G-1 

CHARACTERISTICS  OF  THREE- RESONATOR  FILTER 
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Perhaps  the  most  important  conclusion  that  was  reached  es  a  result 
of  this  study  of  a  filter  containing  three  resonators  is  that  synchronous 
tuning  can  be  maintained  over  e  wide  tuning  range.  This  was  accomplished 
by  making  the  boundary  conditions  as  similar  as  possible  for  the  three 
resonetors  and  then  tuning  out  the  remaining  differences  in  resonant  fre¬ 
quency  by  orienting  the  crystal  axes  with  reapect  to  the  dc  magnetic 
field.  The  band-center  response  curves  indicete  thet  the  resonators 
"tracked”  quite  well  all  the  way  up  to  at  least  7.0  Gc.  It  seems  re¬ 
markable  that  this  degree  of  synchronism  was  maintained  over  such  a 
large  tuning  range  when  we  observe  that  the  electrical  environment  of 
the  input  and  output  resonators  actually  differs  substantially  from  that 
of  the  center  resonator.  It  can  be  inferred  from  these  experimental 
results  that  it  is  probably  possible  to  maintain  synchronous  tuning  over 
a  wide  tuning  range  with  an  arbitrary  number  of  resonators. 
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The  factors  which  apparently  limit  the  tuning  range  of  this  particu¬ 
lar  side-wall-coupled  filter  to  frequencies  under  around  4.S  Gc  are  the 
spurious  responses.  These  spurious  responses  in  the  /  ■  S.O  Gc  attenua¬ 
tion  characteristic  can  be  seen  in  Fig.  Ill  G-4(f)  and  are  undoubtedly 
due  to  higher-order  magnetostatic  modes.  If  these  subsidiary  peaks  were 
due  to  detuning  of  the  three  resonators  the  attenuation  at  the  band  center 
would  increase  considerably;  actually  it  remains  quite  low. 

The  spurious  responses  are  most  intense  when  they  are  close  to  the 
main  resonance  and  are  usually  quite  weak  farther  away  from  the  band 
center.  The  reason  for  this  is  that  the  individual  magnetostatic  modes 
are  coupled  together  weakly,  due  to  propagation  effects  and  the  effects 
of  the  conducting  boundaries  of  the  filter,  which  cause  the  RF  fields 
around  the  resonator  to  be  non-uniform.  Strong  interaction  occurs  only 
when  the  resonant  frequencies  of  the  two  modes  are  separated  by  a  fre¬ 
quency  difference  which  is  very  small  compared  with  the  average  of  the 
two  resonant  frequencies.  An  examination  of  the  magnetostatic  mode  chart 
for  a  ferrimagnetic  sphere^  shows  that  many  magnetostatic  modes  occur 
very  close  to  the  main  (t.e.,  uniform  precession)  resonance  in  the  4.5- 
to  S.S-Gc  range.  The  mode  chart^  shows  that  they  cross  the  uniform  pre¬ 
cession  resonance  moving  from  the  low-frequency  side  to  the  high-frequency 
side  of  the  uniform  precession  resonance  as  the  uniform  precession  reso¬ 
nance  frequency  is  increased  by  increasing  the  dc  magnetic  field.  The 
degree  of  interaction  between  two  modes  is  a  function  of  the  strength  of 
the  coupling  between  the  modes  and  the  Q's  of  the  modes  as  well  as  the 
frequency  separation  between  the  modes.  The  degree  of  coupling  thus 
depends  on  the  degree  to  which  the  RF  fields  are  distorted  due  to  the 
conducting  boundaries.  Fletcher^*  has  shown  that  the  coupling  between 
the  modea  which  is  due  to  propagation  effects  is  proportional  to  (AR, )* 
where  k  is  the  free  space  propagation  constant,  27r/K^,  and  is  the 
radius  of  the  resonator.  It  is  obvious  from  this  fact,  that  it  is  desir¬ 
able  to  keep  the  size  of  the  resonator  as  small  as  possible  both  in  order 
to  minimize  intermode  coupling  due  to  boundary  effects  and  due  to  propa- 
gat  ion  effects. 

Figures  III  G-4(a)  to  (f)  indicate  that  thia  filter  has  an  extremely 
high  rejection  at  frequencies  far  removed  from  band  center.  At  all  center 
frequencies,  the  off-channel  rejection  was  beyond  the  maximum  value  that 
could  be  measured  with  the  available  experimental  setup.  The  lowest  of 
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theae  values  was  52  db  at  4.0  Gc.  At  all  other  frequencies  the  off- 
channel  was  at  leaat  60  db.  Since  the  off-channel  rejection  is  likely 
to  be  fairly  insensitive  to  frequency,  it  is  quite  likely  that  the  off- 
channel  rejection  is  actually  >60  db  at  all  frequencies. 

Table  III  G-1  shows  the  measured  attenuation  at  band  center  and 
the  VSWR.at  hand  center.  The  VSWR  was  low  except  at  *  2.0  Gc  where, 
it  is  suspected,  the  resonators  are  undercoupled  and  are  also  slightly 
detuned.  The  measured  dissipation  loss  values  for  this  filter  are  alao 
ahown  in  Table  III  G-1.  Alongside  the  measured  values  are  those  values 
of  attenuation  calculated  from  the  response  parameters  [t.e.,  bandwidth, 
degree  of  overcoupling,  using  Eq.  (Ill  B-4)]  which  would  result  if  all 
three  resonators  had  the  same  as  was  obtained  with  the  two-resonator 
filter  (see  Fig.  Ill  C-2).  The  good  agreement  between  these  measured 
attenuation  values  and  the  values  calculated  from  the  two-resonator 
filter  (?, 'a  shows  that  the  filter  is  performing  as  might  reasonably  be 
expected.  In  fact  the  attenuation  performance  is  somewhat  better  than 
might  be  expected  when  the  slightly  wider  linewidth*  of  the  center  reso¬ 
nator  (AH  ■  0.60  oer.  at  /  ■  4.4  Gc)  is  taken  into  consideration.  Evi¬ 
dently  the  of  the  center  resonator  is  not  degraded  by  the  center 
section  conducting  boundaries  to  the  same  degree  as  the  input  and  output 
resonators  are  degraded  by  the  strip-transmission  line  conducting 
boundaries. 

The  30-db  bandwidth  of  the  filter  stays  quite  constant  over  the 
tuning  range,  a  fortuitous  result  for  many  applications.  The  ratio  of 
the  30-db  bandwidth  to  the  3-db  bandwidth  runs  around  2.8  for  the  three- 
resonator  filter  design  as  compared  to  around  5  for  the  two-resonator 
filter  design.  Although  the  cutoff  rate  was  considerably  sharper  for 
the  three-resonator  design,  the  performance  of  the  three- resonator  filter 
was  probably  not  optimum  in  this  respect  because  of  a  small  amount  of 
mistuning  and  because  no  effort  was  made  to  optimise  the  ahape  of  the 
pass-band  response  for  optimum  rate  of  cutoff.  Filters  designed  to  cor¬ 
respond  to  equal-element  prototypes^  would  probably  be  desirable  for 
most  tunable  filter  applications.  Such  filters  would  result  in  minimum 
midband  dissipation  loss  for  a  given  specified  30-db  (or  other  specified 
level)  stop-band  width.  In  the  case  of  the  two-  and  three-resonator 
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filters  discussed  herein,  the  three^resonstor  design  hss  s  30>db  bend- 
width,  which  is  sbout  23  percent  less  thsn  thst  for  the  two-resonstor 
design,  but  the  three*resonstor  design  hss  somewhst  lerger  siidbsnd 
sttenustion.  By  further  optisiisstion  of  the  design,  to  correspond  to 
sn  equsl-eleaent  prototype,  it  should  be  possible  to  reduce  the  nidbend 
loss  sosiewhst. 
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IV  CONaUSIONS 


A.  BAND- STOP  FILTERS 

The  exact  method  for  the  design  of  band- stop  filters  discussed  in 
Sec.  II  was  demonstrated  to  be  straightforward  and  potentially  of  great 
practical  value.  Even  in  the  narrow- stop-band  case,  where  an  approxi¬ 
mation  was  introduced  by  way  of  using  reactively  coupled  stubs,  very 
good  accuracy  in  the  atop-band  width  and  the  size  of  pass-band 
Tehebyacheff  ripples  was  obtained.  The  straightforward  design  equations 
that  were  presented  should  make  it  possible  for  these  design  methods 
to  be  very  widely  used,  since  the  design  procedure  is  simple  and  requires 
little  special  knowledge. 

B.  MAGNETICALLY  TUNABLE  FILTERS  WITH  FERRIMAGNETIC  RESONATORS 

Reasonably  good  agreement  has  been  obtained  between  the  experimental 
data  and  the  various  design  charts  that  were  presented.  Although  the 
design  procedures  that  were  outlined  involve  a  certain  amount  of  cut 
and  try  in  determining  the  sites  of  coupling  slots  between  spheres, 
experimental  procedures  appear  to  be  unavoidable  since  the  boundary 
value  problem  involved  is  very  complex.  The  experimental  procedures 
outlined  provide  a  very  practical  approach  to  determining  coupling 
iris  size.  However,  the  theoretical  curves  for  finding  the  proper  site 
of  sphere  to  use  in  order  to  obtain  a  given  external  Q  were  found  to  be 
of  considerable  help  in  designing  the  input  and  output  strip  lines  or 
waveguides. 

The  results  in  Sec.  Ill  show  that  magnetically  tunable  filters  with 
almost  any  number  of  resonators  should  be  possible.  The  tuning  techniques 
described  were  shown  to  be  practical,  and  the  experimental  results  verify 
thst  the  filter  will  stay  in  tune  as  the  magnetic  field  is  varied  across 
a  wide  range. 
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(1)  Further  work  on  filtera  with  magnetically  tunable 
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(6)  Further  work  on  the  microwave  filter  book. 
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